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Abstract 
Seismic surveys are used to create visual representations of subsurface geology by detecting the 
reflections and refractions of seismic waves. In most cases, the seismic wave of interest is the P-wave, 
the easiest wave to identify in a seismic record. The S-wave is more difficult to identify due to the 
slower velocity which coincides with surface wave arrivals, however the S-wave has the potential to 
image much more detail than the P-wave due to its shorter wavelength. While the use of horizontal 
component geophones to detect S-waves has become increasingly common, there remains little 
published research on the characteristics of seismic traces recorded on these components compared 
to traditional vertical geophones. Furthermore, there have been few investigations into arranging 
survey geometries in such a way as to eliminate surface waves from the seismic record, providing 
easier identification of S-wave arrivals. 
This thesis aims to characterise and compare the seismic signals received by horizontal and vertical 
components of geophones, with a focus on S-wave arrivals, along with an investigation into eliminating 
surface waves from the seismic record to better identify S-waves. Two surveys were conducted at 
Whataroa Valley on the West Coast of New Zealand: a 1270 m long array with a rolling string of 48 
single vertical component geophones spaced at 10 m intervals and a 70 m long array with eight 3C 
geophones spaced at 10 m intervals. Sources consisted of 42 array-parallel explosive shots at 20 m 
intervals and an 80 m line of 10 m spaced hammer and plate shots. The vertically mounted “shear 
source” plate and horizontal plate used allowed the effect of different shot orientations on the 
different geophone components to be investigated.  
The data collected from these surveys indicate that the polarity of S-waves recorded on the horizontal 
components of the 3C geophones are highly dependent on the on the geometry of the shot direction 
in regards to the vibration direction of the geophone components. Furthermore, it was found that 
significantly different first arrival velocities were detected on the horizontal components compared to 
the vertical for the hammer and plate source shots, but not for the explosive shots. Stacked seismic 
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profiles of the data were also produced, detailing the subsurface structure of the Alpine Fault at this 
location and highlighting sedimentary units offset by cumulative fault rupture. 
Further investigations were conducted within an abandoned railway tunnel at Chain Hills, Dunedin, to 
determine whether placing receivers below ground can delay surface waves enough that S-waves 
become more distinguishable in the seismic record. 48 single component vertical geophones spaced 
at 5 m intervals were placed within the tunnel while horizontally mounted hammer and plate shots 
were conducted at various locations above tunnel. Two lines of eight 3C geophones at 5 and 10 m 
intervals with array-parallel shear source shots were used to collect S-wave velocities on horizontal 
components. Possible S-wave arrivals were identified in the vertical component data, however 
attempts to confirm the nature of these arrivals by comparing with data recorded on the 3C horizontal 
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Chapter 1: Introduction  
The use of horizontal component geophones in seismic surveys has become increasingly common in 
recent years (eg: Dasios et al., 1999). Despite this, there remains little published research on the 
characteristics of seismic traces recorded by horizontal component geophones compared to traces 
recorded by vertical component geophones. Typically, vertical geophones are used in land seismic 
surveys as they are designed to detect P-waves, which are the first arriving seismic wave and the 
easiest to determine in a seismic record. However, horizontal geophones have the capability of 
recording strong S-wave arrivals due to their horizontally vibrating nature. Thus, 3-component (3C) 
geophones (with one vertical component and two perpendicular horizontal components) maximise 
the potential to record P-waves as well as S-waves. Because of this, they are particularly useful for 
industry-related seismic investigation, such as geological engineering, due to the benefits of S-waves 
over P-waves in producing higher resolution seismic data in the very near subsurface.  
This thesis aims to characterise the seismic signals received by the horizontal and vertical components 
of an array of 3C geophones where the nature and velocities of the recorded traces will be described, 
and, where possible, shear wave arrivals identified. The surveys involved will employ both explosive 
and hammer and plate type seismic sources with the aim of determining how these different sources 
will affect the seismic information received. In the case of the hammer and plate type source, a “shear 
source” plate has been constructed allowing shear-deformation shots to be oriented in various 
directions relative to the geophone position and orientation. Data collected from these particular 
surveys, conducted in the West Coast of New Zealand over a recently discovered surface trace of the 
Alpine Fault, will also be used in an attempt to help constrain the geological and structural nature of 
the Alpine Fault and surrounding geology in of the surface trace in Whataroa Valley.  
While S-wave surveys can provide highly valuable information, the use of 3-component geophones or 
other shear wave-detecting equipment such as used in VSPs (vertical seismic profiles) may not be 
practical in many situations. They can be very expensive, time-consuming, may require boreholes to 
2 
be constructed and, in the case of 3C geophones, require three times the number of recording channels 
as a traditional vertical component seismic survey. For this reason, a second investigation was 
conducted as part of this thesis in order to determine whether shear waves could be easily detected 
by traditional vertical component geophones by placing receivers below ground. Vertical component 
seismic surveys are much easier to conduct, are affordable and are much less time consuming. 
However, S-wave information is often difficult to extract from these surveys as the S-wave arrival time 
typically coincides with the surface wave arrival time on seismic records (eg: Dasios et al., 1999; Harris, 
2009; Xia et al., 1999). By placing geophones at depth, in this case within an abandoned railway tunnel 
at Chain Hills, Dunedin, surface waves may be able to be delayed or eliminated and a seismic record 
may be produced in which S-waves are more easily distinguishable. A series of 3-component surveys 
were also conducted at the Chain Hills location in order to gather information about shear wave 
velocities in the local geology to compare with the data received from the single vertical component 
geophones placed within the tunnel. 
This chapter will introduce different aspects of seismic surveying, from the nature of seismic waves to 
the basic theory behind seismic surveys and the use of S-waves in such surveys. It will also include a 
brief overview of the aims for this thesis and the seismic surveys conducted at the Whataroa and Chain 
Hills locations. 
1.1. Seismic Waves 
Seismic waves are the vibrational movement of a material, such as a body of rock, in response to a 
pulse or shock, similar to the way a guitar string will vibrate back and forth once plucked (Lowrie, 2018). 
They consist of an elastic strain energy which, after initiation by a seismic source such as an 
earthquake, will propagate outwards at a velocity determined by the elastic moduli and density of the 
medium through which it moves (Kearey et al., 2002). There are two different types of seismic waves, 
namely surface waves and body waves. 
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1.1.1. Elastic Moduli 
The elastic moduli are defined by a set of equations that relate the magnitude of a particular stress 
type to its resulting elastic strain. Figure 1.1 outlines the basic properties of the elastic moduli, each 
defined by a linear relationship between stress and strain. The concepts of stress and strain were 
originally developed by Cauchy during the 1820s and allow us to describe the internal forces which 
respond to the external forces placed upon a body and the corresponding deformation (Aki, 1989). 
Stress on a surface, such as a fault, can be divided into components of normal stress, perpendicular to 
the surface, and shear stress, parallel to the surface, whereas strain is the change in shape or size of a 
body which has been exposed to such stress (Fossen, 2016). 
In general, seismic waves propagate in conditions of low stress (Lowrie, 2018). Under low stress, a 
material will usually behave in an elastic manner where stress and strain are proportional and the 
deformed material is able to revert back to its original condition once the external forces have been 
removed. It should also be noted that a fluid body has no shear strength and therefore cannot transmit 
shearing stresses (Kearey et al., 2002).  
Figure 1.1. The elastic moduli. (a) Young's modulus, E. (b) Bulk modulus, K. (c) Shear modulus, µ. (d) Axial 
modulus, ψ. From Kearey et al, 2002. 
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1.1.2. Body Waves 
The term body wave applies to both the compressional P-waves and shear S-waves which propagate 
in vibrations through the internal body of an elastic solid. Each of these different waves can be 
understood in terms of their wavelength and frequency, where frequency is described by the number 
of vibrations per second and wavelength the distance between consecutive peaks of a vibration 
(Lowrie, 2018).  
The P-wave, otherwise known as a primary, longitudinal or compressional wave, propagates by the 
compression and expansion of particles (as shown in figure 1.2 A). The particle motion in a P-wave is 
parallel to the direction of propagation and will vibrate the medium back and forth as it moves. Upon 
reaching the surface of the earth the P-wave will create an almost vertical motion which can be 
detected by seismic recording devices (Lowrie, 2018). 
The S-wave, also called the secondary or shear wave, has a transverse particle motion perpendicular 
to the direction of propagation (as shown in figure 1.2 B). The particle vibrations in S-waves are caused 
by shear deformation and can be subdivided into SH- and SV-waves (see figure 1.3) describing shear 
wave movement separately in the horizontal and vertical planes (Lowrie, 2018). This has the 
implication that upon reaching the surface of the earth, shear waves will create motion in both 
Figure 1.2. (A) The propagation of the seismic body P-wave in a series of compressional and expansional particle motion 
in the direction of travel. (B) The propagation of the seismic body S-wave with particle motion perpendicular to the 
direction of travel. From Lowrie, 2018. 
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horizontal and vertical directions. In a homogenous, isotropic medium there is no significant velocity 
difference between SH- and SV-waves (Båth, 1979).  
In a homogenous, isotropic material the velocity at which these waves will propagate can be defined 
as (from Kearey et al., 2002): 
 𝑣 = [
𝑎𝑝𝑝𝑟𝑜𝑝𝑟𝑖𝑎𝑡𝑒 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑑𝑒𝑛𝑖𝑠𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝜌)
]
1/2
   
As the velocity of a compressional body wave, the P-wave, involves a uniaxial compressional strain, 
the P-wave velocity (vp) can be described as: 
𝑣𝑝 = [
𝑎𝑥𝑖𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝜓)
𝑑𝑒𝑛𝑖𝑠𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝜌)
]
1/2
   
However, the axial modulus (ψ) can also be defined in terms of the bulk modulus (Κ), and shear 
modulus (µ), where: 

















   
Similarly, the velocity of a shear body wave, the S-wave, (vs) comprises a pure shear strain depending 






   
Thus, in the same homogenous, isotropic medium, P-waves will always propagate faster than S-waves. 
From these equations it can also be shown that both Vp and Vs will decrease with an increasing density 
(ρ), suggesting that seismic velocities will decrease as they penetrate deeper into the earth. However, 
this is not typically the case, as the elastic moduli tend to increase much more rapidly with density, 
leading to predominantly increasing seismic velocities with increasing depth (Milsom & Eriksen, 2011). 
While the velocity of each body wave does depend upon the elastic moduli of the body it travels 
through, generally P-waves will travel at around 6000 – 7000 ms-1 and S-waves at 3500 - 4000 ms-1 in 
the Earth’s crust (Lowrie, 2018). 
When these body waves encounter a boundary between rock layers of different elastic properties the 
wave can reflect, refract or diffract (Bolt, 1989). Shear waves can only propagate within a medium that 
supports shear strain. In a solid body where molecules have dedicated locations and are bonded by 
intermolecular forces, shear deformation is possible. On the other hand, in a fluid, which consists of 
individual molecules not bonded together, there is no shear strength and shear waves are unable to 
propagate (Lowrie, 2018). However, in a highly viscous fluid the viscosity is able to provide some shear 
strength (depending on the ratio of viscosity to wave velocity) allowing the fluid to behave more like a 
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solid, in which case shear waves may be able to pass through (Howell, 1978). P-waves do not require 
such conditions and are able to propagate through a fluid, albeit at a reduced speed. 
1.1.3. Surface Waves 
Surface waves have a wave motion that is primarily restricted to the Earth’s free surface and propagate 
along boundaries parallel to this surface (James, 1989). There are two predominant types of surface 
waves that occur in a homogenous layered medium, Rayleigh and Love waves. While the nature of 
these surface waves are mathematically complex, they can be described in simpler terms of their 
propagation, as outlined in figure 1.4.  
Both Love and Rayleigh waves have distinct properties and differ from each other in their propagation 
velocities and particle motion. Furthermore, Love waves can only travel in a layered or heterogeneous 
medium. As highlighted in figure 1.4 above, Love waves travel in a transverse, horizontally polarized 
shear motion while Rayleigh waves propagate in the vertical plane with a counterclockwise elliptical 
movement along the Earth’s surface. Rayleigh waves are the product of interfering P- and S-waves and, 
in a solid homogenous material, will have a velocity of approximately 0.9194 times the S-wave velocity 
Figure 1.4. The nature of particle motion propagation for two types of surface waves, (a) Love waves and (b) Rayleigh 
waves. (From Tolstoy & Usdin, 1953). 
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travelling in the same medium (Xia et al., 1999). Love waves are typically slightly faster than Rayleigh 
waves but have an inherently dispersive nature (Kearey et al., 2002). It has also been proposed that 
these waves theoretically correspond to 
the different S-wave components SH and 
SV; Love to the horizontal and Rayleigh to 
the vertical (Safani et al., 2005). Figure 1.5 
illustrates the motion of particle vibration 
during propagation of both the body and 
surface waves, primary (P), shear (SV and 
SH), Love (L) and Rayleigh (R). 
1.1.4. Wave Propagation 
Once generated, a seismic wave will propagate outwards from the source point in all directions and 
can be described in terms of its wavefront (eg: Mussett & Khan, 2000; Milsom & Eriksen, 2011) as 
shown in figure 1.6. The wavefront is determined by the arrangement of each singular point of the 
seismic pulse at a particular instant in time, which, in a homogenous, isotropic medium, will form a 
sphere (Kearey et al., 2002). In seismic surveying, the movement of P- and S-waves are generally 
expressed in terms of the seismic ray, which, while having no physical meaning, is a convenient concept 
used to describe the travel paths of 
seismic waves through the earth. The 
seismic ray is defined as thin packets of 
seismic energy which will travel 
perpendicular to the wavefront in an 
isotropic medium (Kearey et al., 2002).  
At a boundary separating two different 
materials a seismic wave can be reflected, 
Figure 1.6. The propagation of the seismic wavefront and rays from the 
source point. (Adapted from Mussett & Khan, 2000). 
Figure 1.5. An illustration of the propagation of different body and 
surface wave types through a medium: (a) as seen from the side 
and (b) as seen from above. Waves are shown in the order of their 
propagation velocities, ie: P-waves fastest and Rayleigh waves 
slowest, with arrows indicating the direction of particle motion 
during propagation away from the source. (From Båth, 1979.) 
9 
refracted or transmitted (Howell, 1978). If the seismic energy is reflected, the angle of reflection will 
be equal to the angle of incidence, as illustrated by figure 1.7 (a). Where energy is refracted it can be 
either transmitted into the second medium or refracted along the boundary interface and returned to 
the surface as a head wave, as shown in figure 1.7 (b). How the seismic ray behaves at this interface is 
governed by Snell’s Law and depends upon the angle of incidence and the velocities at which the ray 
will travel in each medium (Milsom & Eriksen, 2011): 







where i is the angle of incidence, r the angle of refraction, V1 and V2 the seismic velocities of materials 
1 and 2 respectively.  
In the case where V2 is greater than V1, refraction will occur towards the boundary interface, ie: angle 
r will be greater than angle i. When the angle of refraction is equal to 90 degrees (when sin i is equal 
to V1/V2) the refracted ray is said to be critically refracted and will travel parallel to the medium 
boundary. As shown in figure 1.7 (b), some seismic energy from this critically refracted ray will return 
to the surface at the angle of critical incidence (ic) and is called the head wave. If the angle of incidence 
is greater than 90 degrees, the ray cannot be refracted and essentially all energy will be returned to 
Figure 1.7. (a) The reflection of a ray at an angle equal to the angle of incidence (i). (b) Simple refraction occurs at point 
A, where the angle of the refracted ray allows total transmission into the lower medium. Critical refraction occurs at point 
B, where the refracted ray is refracted at a critical angle of 90° along the boundary interface and returns some energy to 
the surface at an angle of critical incidence (ic). r indicates the angle of refraction and V1 and V2 the seismic velocities of 
mediums 1 and 2 respectively. (From Milson & Eriksen, 2011.) 
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the surface via reflection. Reflected waves and the critically refracted head waves are important 
concepts in seismic surveying and will be discussed further in the next section. 
If an incidence ray both transmits and reflects seismic energy, then the summed energy of the 
transmitted and reflected rays must be equal to the that of the incident ray (Kearey et al., 2002). The 
division of energy between transmitted and reflected rays at a boundary interface is controlled by the 
contrast in acoustic impedance, Z. Generally, acoustic impedance is related to the ‘hardness’ of a rock 
and can be calculated by the product of density and the velocity of the ray: 
𝑍 =  𝜌𝑉 
When the acoustic impedance contrast between two media is low, the larger amount of energy will be 
allocated to the transmitted rays. 
Most seismic sources will produce both P- and S-waves, however wave conversion can also occur at an 
interface boundary, where, for example, an incident P-wave produces both reflected and refracted P- 
and S-waves (Howell, 1978; Mussett & Khan, 2000). Snell’s Law can also be applied to wave conversion 















Angle i1P refers to the incidence angle of the initial P-wave, angles i1S and r2S of the produced S-waves 
which are reflected and refracted and V1P, V1S, V2S to the seismic velocities of the P- and S-waves in 
media one and two (figure 1.8). It should also be noted that when a horizontally polarized shear wave 
(SH-wave) reflects from a horizontal boundary it does not convert to a P- or SV-wave due the nature 
of displacement in the wave remaining in the horizontal plane (Crane et al., 2013). 
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1.2. Seismic Surveying 
The general principle of seismic surveys is to accurately record the vibrational ground response to a 
particular seismic source at a particular location (Kearey et al., 2002). As the timing of passive seismic 
sources (such as an earthquake) cannot be controlled, most seismic surveys, such as those conducted 
for this thesis, use active sources (for example: hammers, explosives, weight drop mechanisms or 
vibroseis). By placing receiving and recording instruments (such as geophones or seismometers) along 
the ground surface it is possible to record the vibrational motion of the seismic waves produced by 
these active sources. The instruments measure the wave arrival times at various distances from the 
source, allowing the seismic velocities of the waves to be calculated as they pass through a rock body. 
In a layered medium the impedance contrast at the layer boundary will cause reflection and refraction 
events which can be recorded in seismic surveys (Nanda, 2016). Reflection surveys, as illustrated in 
figure 1.9, make use of the way seismic rays are reflected by the impedance contrast at a layer 
boundary. On the other hand, refraction surveys (figure 1.10) are based upon the arrival of the head 
Figure 1.8. The production of S-waves by conversion of P-waves. (From 
Mussett & Khan, 2000.)  
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waves from critically refracted seismic waves. In this way seismic surveys are able to calculate wave 
propagation velocities of different layers at different depths in the earth.  
A typical example of direct, refracted and reflected seismic arrivals as recorded on a shot gather (an 
unstacked seismic record showing each trace recorded by each geophone for a single shot) is 
illustrated in figure 1.11. Generally, the first arrival detected by a geophone is the direct wave arrival, 
however as the offset distance increases this arrival is often overtaken by a refracted wave arrival, 
where faster seismic wave arrivals refracted from a deeper impedance boundary begin to arrive before 
the slower direct wave arrival. This occurs at a particular crossover distance (marked as X on figure 
1.11) after which the first arrival will always be the refracted ray arrival (Kearey, 2002). 
Figure 1.10. A seismic reflection survey, where seismic rays are reflected by the impedance contrast and detected at 
the surface by geophones. (Adapted from Saad et al, 2017.) 
Figure 1.10. Seismic refraction surveys, recording critically refracted seismic head waves as they arrive at the 
surface. (Adapted from Saad et al, 2017.) 
9. A seismic reflection survey, wher  seismic rays are fl ct d by the impedance contrast nd detected at the
surface by geoph nes. (Adapted from Saad et al, 2017.) 
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1.2.1. Importance of Shear Waves in Seismic Surveying 
P-waves are most commonly used in seismic surveys as they are the fastest travelling body waves and 
are thus the first to be recorded by seismic receivers, providing a distinct seismic signal that is easier 
to identify in data processing (Nolen-Hoeksema, 2014). However, S-wave analysis has the potential to 
record smaller scale features than can be detected by P-waves, as the slower S-wave velocity will 
produce a smaller seismic wavelength (Brouwer et al., 1997). For seismic waves propagating at the 
same frequency, shear wave wavelengths will be shorter than P-wave wavelengths, since: 
𝜆𝑃 =  
𝑉𝑃
𝑓




where λP and λS are the wavelengths and VP and VS the velocities of the P- and S-waves respectively. In 
practice, shear waves will generally have a lower frequency than P-waves produced from the same 
Figure 1.11. An example of how direct, refracted and reflected seismic arrivals appear on a shot gather. X marks 
the direct arrival/refracted arrival crossover distance. Adapted from Pasasa et al (1998). 
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source, however the slower S-wave velocity will typically be significantly low enough to produce a 
considerably smaller wavelength (Dasios et al., 1999). The shorter wavelength implies that shear waves 
have the capacity to provide higher resolution information and are able to image smaller scale features 
than P-waves in seismic surveying (Garotta, 1999).  
While the shorter wavelength of S-waves will also lead to shallower attenuation and less seismic signal 
received from greater depth, they can provide much higher resolution images of the shallow 
subsurface than their P-wave counterparts. This is of particular importance to fields where detailed 
information of soils or small-scale bedding features are required. For example, in paleoseismology, 
prehistoric earthquakes are often determined by analysing soils in the substrate that have been 
disturbed by previous earthquakes (Carvalho et al., 2016). In areas where trenching or drilling cannot 
be performed, such as in an urban environment, the higher precision of S-waves could be a powerful 
tool to recognise slight changes in soil type or composition.  
Another advantage of shear waves is that they don’t travel through gas or liquid filled pore spaces 
(Kearey et al., 2002) allowing more reliable stratigraphic and structural images of the often porous 
near-surface sediments to be produced (Pugin et al., 2004). This is particularly beneficial when working 
within range of the water table, as P-waves will travel through both pore space and matrix while S-
waves will travel only through the matrix, providing information specific to the sedimentary framework 
without being affected by the water saturation (Harris, 2009). On the other hand, by combining 
velocity measurements of both P- and S-waves from porous sediments, information about the 
saturation of the material can also be produced (Tatham, 1982). Thus, seismic surveys using shear 
wave analysis can be particularly useful in characterising the structural aspects of the shallow 
subsurface as required by fields such as geological engineering (Crane et al., 2013). 
S-wave velocities have also been found to provide a suitable proxy for ground shaking and have 
recently been used for predicting ground motion in earthquake hazard studies (eg; Ghorbani et al., 
2012; Wills et al., 2000). Unconsolidated sediments in the near surface lithology, such as clays and silts, 
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can amplify the ground shaking experienced in an earthquake, potentially resulting in increased 
damage or unprecedented shaking in locations far from an earthquake epicentre (Bauer et al., 2001). 
Therefore, S-wave research has the capacity to provide important insights into the effect of a large 
earthquake on different rock and soil types. 
1.2.2. Shear Wave Sources in Seismic Surveys 
One of the disadvantages to using shear waves in seismic surveys is that the shorter wavelength can 
leave more potential for energy loss or attenuation which may provide a weaker S-wave signal in the 
seismic data (Garotta, 1999). To counteract this, it is important to use a seismic source which will create 
strong S-waves with short, repeatable, broadband signals (Crane et al., 2013). 
A number of different shear wave sources have been used in the past. For example, by using a hammer 
to hit a ground coupled vertical plate (rather than the typical horizontal type used in P-wave surveys) 
it is possible to produce strong shear waves perpendicular to the direction of the strike (Hasbrouck, 
1991). Producing horizontally polarized shear waves, SH-waves, are beneficial to S-wave surveys as SH-
waves are readily distinguishable from P-waves and do not have the added complication of S- to P-
wave conversion as can occur with the vertically polarised shear waves, SV-waves (Haines, 2007). 
Generally, horizontal component geophones are used to detect SH-waves, however the vertical 
component geophones typically used in P-wave surveys have also successfully been used to detect SV-
waves (eg: Hasbrouck, 1991; Greenhalgh & Bierbaum, 2000). In such surveys it can be beneficial to 
alternate the direction of hammer blows and geophone orientations (figure 1.12) in order to eliminate 
unwanted noise from P-wave arrivals when stacking the records during data processing (Goulty et al., 
1990).  
Another successful type of shear wave source is a horizontal vibration mechanism, such as used in the 
study by Krawczyk, et al (2012). In this case the horizontal vibrator source was powered by two 12 V 
batteries, mounted by wheelbarrow for easy mobility and able to produce a peak output force of 0.5 
16 
kN. Other seismic shear wave sources include explosive detonations or recoil devices generated by 
shotgun shells (eg: Jolly, 1956; Crane et al., 2013).  
1.2.3. VSP and other Shear Wave Surveys 
There are other types of geophysical technologies that measure S-waves, such as those that utilise 
boreholes or wells, including vertical seismic profiles (VSPs), crosswell seismic profiles (CSPs) and sonic 
logs. VSP surveys consist of a surface based seismic source and a seismic receiver which can be lowered 
and locked into position within the well. In a typical VSP, the seismometer stops at around 75 to 100 
locations vertically down a borehole (as shown in figure 1.13) (Watts, 2015). As the receivers are 
located geometrically lower than the seismic source, they are able to detect signals from both the 
downgoing (direct) seismic waves and upgoing (reflected) seismic waves and can record both P- and 
S-waves (Hardage, 2000).  
Crosswell seismic profiling uses a similar technique except that both receivers and source are located 
below the earth’s surface in separate wells. This method is of particular interest when looking at higher 
frequency waves as neither direct arrivals from the source nor reflected rays will pass through the 
weathered surface layer which typically causes attenuation in VSP surveys (Watts, 2015). As illustrated 
Figure 1.12. The alternating seismic source field method from Goulty et al (1990) for producing horizontally 
polarised shear waves. 
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in figure 1.14, SV- and SH- polarised shear waves can clearly be recorded by vertical and horizontal 
component geophones in CSP surveys. 
Another method of utilising shear waves in boreholes is by sonic logging. With sonic logging both 
receiver and source are located within the same instrument that is sent down the borehole. An 
acoustic signal produced by piezoelectric transducers is transmitted through the borehole wall and 
into the surrounding lithology where the travel times of both P- and S-waves between source and 
receiver (typically several feet apart) are recorded. While a sonic log cannot produce a seismic profile, 
it can give an accurate indication of the seismic velocities of a rock layer in the immediate vicinity of 
the borehole. 
Figure 1.13. A basic outline of the geometry used in typical vertical seismic profiles 
(Hardage 1997).  
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Figure 1.14. SV- and SH-wave arrivals as recorded by vertical (upper image) and horizontal (lower image) component 
geophones within a crosswell seismic profile survey (Hardage, 1992).  
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1.2.4. Shear Wave Velocities 
There are many geological factors that can affect seismic velocities, such as lithology, rock matrix 
mineralogy, porosity, pore geometry, pore fluid, bulk density, effective stress, depth of burial, 
cementation type and the extent and orientation of fractures (McCormack et al., 1985). Typical P- and 
S-wave velocities for different lithologies are shown in figure 1.15. Understanding shear wave 
velocities is of vital importance to research in a number of disciplines, such as identifying the porosity 
of a rock layer in hydrocarbon research or using s-wave velocities to determine soil-structure 
interaction and wave amplification in earthquake engineering (Ohta & Goto, 1978).  
It has been suggested (eg: Tatham, 1982) that by combining P-wave velocity data with S-wave velocity 
data a more complete picture of not only the lithology but also the porosity, pore geometry and pore 
fluid of the rock can be achieved. As 
P-wave velocities overlap in certain 
lithologies, it can be difficult to 
determine a particular rock type 
with compressional wave data alone 
(Miller & Stewart, 1990) and so by 
factoring in shear wave data, it can 
help to distinguish lithologies (figure 
1.16). Previous studies have focused 
upon determining an idealistic Vp/Vs 
ratio for distinct rock types, for 
example a ratio of 1.1 for calcareous 
sandstone, 1.6 for sandstone, 1.8 for 
dolomite and 1.9 for limestone (eg: 
Pickett, 1963; Miller & Stewart, 
Figure 1.15. Typical S- and P-wave velocities. (From Bourbie et al., 1987.)  
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1990) with mixed rock types lying on a 
linear trend between these values. 
Typically, Vp/Vs ratios higher than 2.0 
can be attributed to unconsolidated 
material, whereas values lower than 2.0 
may be indicative of either a 
consolidated rock (eg: sandstone) or a 
porous material (eg: a gas-filled 
unconsolidated sand) (Kearey et al., 2002). 
The above studies primarily received their shear wave velocities by use of a sonic log, however 
equipment such as this is not always available or practical in certain situations. An alternative proposal 
is that shear wave velocities in particular lithologies, such as shale, sandstone, limestone and dolomite, 
can be estimated by their P-wave velocities using the following linear equation introduced by Castagna 
et al (1993): 
𝑉𝑆  (𝑘𝑚/𝑠) =  0.8042𝑉𝑃 −  0.8559 
Greenberg and Castagna (1992) have also developed robust empirical equations to determine S-wave 
velocities in brine saturated rocks by combining P-wave data with rock compositional information to 
achieve a margin of error less than 7%. Various equations have also been proposed (eg: Ohta & Goto, 
1978) to predict the shear wave velocity in soils, however these have much less accuracy.  
Another method of estimating shear wave velocities without direct S-wave measurements has been 
derived from the inversion of dispersive phase velocities of Rayleigh and Love waves, which have been 
found to produce reliable results when compared to borehole S-wave velocity data (Xia, 1999).  
Figure 1.16. P-wave (Vp) and S-wave (Vs) velocity data collected from 
sonic logs by Miller & Stewart (1990) for sandstone (SS), limestone (LS) 
and shale (SH) units. The graph indicates that distinct Vp/Vs ratios define 
each lithology. 
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1.2.5. Seismic Anisotropy 
Seismic waves do not always travel at the same velocity in all directions within in a rock layer. In an 
anisotropic material the velocity at which seismic waves travel in a particular direction will depend 
upon their propagation and vibration directions (Silver, 1996). There are several circumstances under 
which seismic anisotropy can occur, but in general terms it results from the preferred orientation of 
features such as minerals or fractures. In order to be detected by seismic equipment, the preferred 
orientation causing the seismic anisotropy must occur in a volume at least as large as the seismic 
wavelength (Babuska & Cara, 1991).  
Crystallographic preferred orientations (CPOs) of a mineral have the potential to create an intrinsic 
anisotropy within a rock body when these minerals have different seismic velocities through different 
crystallographic axes. When intrinsically anisotropic minerals form in random orientations throughout 
a medium it will have no effect on the overall seismic anisotropy, however if these minerals are aligned 
with strong CPOs (such as mica in a schist) a distinct seismic anisotropy can form (Cholach & Schmitt, 
2006). In the shallow crust seismic anisotropy can also occur due to the distribution of micro cracks 
with a preferred orientation normal to the direction of minimum stress (Schoenberg & Sayers, 1995). 
In rocks such as schists and gneisses where the anisotropy has arisen by deformation, the faster seismic 
velocities (for both P- and S-waves) will occur parallel to foliation and slower velocities perpendicular 
to foliation (Godfrey et al, 2000). 
1.3. Project Aims 
The aim of this thesis is to conduct a comprehensive comparison of the seismic signals received by 
both the horizontal and vertical components of geophones, with a focus on shear wave arrivals and 
velocities. This will be achieved by using both 3-component and single vertical component geophones, 
concentrating on the following questions: 
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1. What are the differences in information gathered by each type and/or component of the 
geophone? (Particularly in regards to trace characteristics, seismic velocities recorded and 
identification of shear wave arrivals.) 
2. How does changing the seismic source or source orientation affect this information? (For 
example, a hammer and plate seismic source compared to an explosive source, or different 
hammer and plate shot orientations made with a rotatable shear source.) 
3. Is it possible to detect shear waves with single vertical component geophones, particularly by 
placing receivers at depth in order to delay surface wave arrivals?  
4. How do those shear wave velocities detected on the vertical component geophones compare 
to the velocities detected by the horizontal components of 3-component geophones? 
These questions will be answered by two separate investigations, with the focus of questions 1 and 2 
at Whataroa Valley on the West Coast of New Zealand, and questions 3 and 4 at the abandoned Chain 
Hills railway tunnel near Dunedin, New Zealand. 
Whataroa Valley 
The survey conducted at Whataroa Valley consists of two separate geophone arrays recording 
concurrently: a 1270 m long array with a rolling string of 48 single vertical component geophones 
spaced at 10 m intervals and a 70 m long array with a string of eight 3-component geophones spaced 
at 10 m intervals. Two different sources were employed, a line of 42 explosive shots at 20 m intervals 
running parallel to both geophone arrays and a smaller line of nine 10 m spaced hammer and plate 
shot locations. At each hammer and plate shot location both a rotatable vertically mounted “shear 
source” plate and a traditional horizontally mounted plate were used in order to investigate the effect 
of different shot orientations on the different geophone components. 
Both geophone arrays were specifically designed to perpendicularly intersect a recently discovered 
surface trace of the Alpine Fault, leading to an additional question: 
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5. What is the nature and structure of the Alpine Fault and surrounding geology at this location 
of the Alpine Fault surface trace in Whataroa Valley? 
 
Chain Hills Tunnel 
At the Chain Hills tunnel a string of 48 single component vertical geophones at 10 m intervals were 
placed within the tunnel itself while a series of horizontally mounted hammer and plate shots were 
conducted at various locations above and around the tunnel. The purpose of placing geophones within 
the tunnel while shots were conducted above was to delay the arrival of surface waves so that shear 
waves may be more easily detected within the seismic record. A second experiment at the Chain Hills 
location consisted of two lines of eight 3C geophones at 5 and 10 m intervals with array-parallel shots 
conducted on the vertically mounted shear source plate. The aim of this second experiment was to 
collect shear wave velocity information on the horizontal components of 3C geophones in order to 
compare with the shear wave velocity information as collected by the vertical component geophones 




Chapter 2: Whataroa Valley 
A seismic field study was conducted in Whataroa on the West Coast of New Zealand’s South Island 
(figure 2.1) from the 21st to the 26th of September, 2018. The primary purpose of this survey was for a 
small team to gain experience in the use of explosives in seismic surveys and to test GPS trigger systems 
before heading to Antarctica with the equipment. However, the survey provided an opportunity to 
collect data and to add technical development aspects, such as the implementation of 3C (3-
component) geophones, for the purpose of this thesis.  
The survey involved a 1270 m long single component vertical geophone array parallel to a smaller 70 
m long 3-component geophone array, recording concurrently. Two types of source were utilised: 42 
shots of explosives and a smaller 80 m hammer and plate shot source line. Both a down plate and a 
shear source plate were used in the hammer survey, allowing for various orientations of shot direction 
to be implemented. Thus, in regards to this thesis, the primary aims of this survey are to compare and 
contrast the information received by the two different types of geophones with the two different types 
of sources, along with the characterisation of how each component of the 3C geophones are affected 
by different shot orientations.  
As the location of the arrays were 
designed to perpendicularly bisect a 
recently discovered surface trace of the 
Alpine Fault (Langridge et al., 2018), a 
geological aim of the seismic survey is to 
characterise the immediate geology and 
geometry of the Alpine Fault at this site, if 
possible. 
This chapter will provide some basic 
background on the Alpine Fault and the 
Whataroa 
Figure 2.1. The location of Whataroa on the West Coast of the South 
Island, New Zealand.  
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local geology of the Whataroa Valley as well as describe the field methods and survey layouts 
implemented in this field study. 
2.1. Survey Location 
2.1.1. The Alpine Fault 
The Alpine Fault is a major plate boundary fault with an at least 800 km surface trace, primarily 
oriented NE-SW, spanning almost the entire South Island of New Zealand (eg: Barth et al., 2013; 
Norris & Toy, 2014). Since the initiation of the Australian – Pacific plate boundary in the late 
Eocene (Carter & Norris, 1976; Cooper et al., 1987) proto-New Zealand has undergone various 
types of deformation from extensional rifting in the late Eocene – early Oligocene to increasingly 
transpressive movement of the plate boundary in the South Island during the Miocene (Townend, 
1999). Formation of the Alpine Fault began around 25 Ma and has been moving in a predominantly 
dextral strike-slip orientation since 6 Ma (Carter & Norris, 1976; Barth et al., 2013). Measurements 
of offset units in the South Island, most notably an ultramafic belt within the Dun Mountain-Maitai 
terrane (which is exposed and truncated by the Alpine Fault in Nelson to the north and Red 
Mountain to the south), indicate a cumulative dextral transform displacement of approximately 
480 km (Kimbrough et al., 1992).  
Current estimates from combined GPS and geological data suggest velocities of relative motion 
between the Australian and Pacific plates to be at 38.9 ± 0.4 mm/yr parallel to the Alpine Fault 
with a shortening velocity of 9.1 ± 0.6 mm/yr normal to the fault (Beavan et al., 2002). The Alpine 
Fault itself accommodates approximately 70% of the total plate movement (Norris & Cooper, 
2001), the remainder is accommodated by more distributed deformation. Currently the Alpine Fault 
represents the onshore continental collision of the Australian and Pacific plates, where it links the 
subduction of the Australian plate at the Puysegur Trench in the south and the subduction of the Pacific 
plate at the Hikurangi Margin to the north (figure 2.2).  
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The fault is predominantly characterised by 
strike slip motion, however in the northern and 
central sections, movement contains a 
significant reverse aspect, dipping at an average 
angle of 45°SE with the Pacific plate on the 
hanging wall side. In the southern section of the 
Alpine Fault, most northernly visible at the 
Martyr Creek outcrop (figure 2.3), the dip angle 
abruptly steepens to around 80°SE where the 
fault adopts a slight normal orientation due to 
uplift of the Australian plate. Despite the normal 
orientation, the fault here generally has very little dip-slip movement (see figure 2.4). At the 
southernmost end, the fault transitions from a continental/continental transpressive margin to an 
oceanic/continental transpressive margin (Barth et al., 2013). Figure 2.4 indicates the distribution of 
strike-slip and dip-slip rates along the central and northern sections of the Alpine Fault, where it can 
be seen that Whataroa Valley accommodates a significantly larger aspect of dip-slip motion (reverse) 
than elsewhere along the fault.  
It is estimated that the Alpine Fault is capable of producing large earthquakes of greater than Mw 8.0, 
with a transform displacement up to 9 m (Sutherland et al., 2007). From the recent identification of 27 
paleoseismic events over the last 6000 years, the southern section of the Alpine Fault has been found 
to have an expected recurrence interval of 291 ± 23 years (Cochran et al., 2017). As the most recent 
event on the Alpine Fault is believed to have occurred in 1717 AD (Wells et al., 1999), this section of 
the fault has a 29% probability of surface rupture in the next 50 years. Moreover, the central segment 
of the Alpine Fault may have an even higher probability of near-future rupture as the proposed 
recurrence interval for this section is only 250 years (Nicol, 2016). 
Figure 2.2. The current extent of the Alpine Fault as the continental 
margin between the Australian and Pacific tectonic plates. 
(Adapted from Schuck et al., 2018). 
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2.1.2. Local Geology 
On the West Coast, in Whataroa Valley, the Alpine Fault juxtaposes the Western terranes of New 
Zealand, originally fragments from the Gondwana continental crust, with the Eastern Terranes, 
primarily subduction and island-arc associated metamorphosed sedimentary units (Davey, 2010). 
Thus, the Paleozoic and Cretaceous metasedimentary and intrusive granitoids of the western 
Buller and Takaka Terranes can be found adjacent to the schists and sediments of the late 
Paleozoic and Mesozoic which form the Southern Alps to the east (Townend, 1999). During the 
Figure 2.4. The distribution of strike-slip rates compared to dip-slip rates on the central and northern sections of the Alpine 
Fault. The yellow star indicates the approximate location of Whataroa Valley. Adapted from Norris & Cooper (2001). 
Figure 2.3. The orientation of the Alpine Fault showing an abrupt change in the net uplift, from the Pacific plate in the Northern 
(green) and central (orange) sections to the Australian plate side in the southern section (blue). The yellow star denotes the 
approximate location of Whataroa Valley in the central section. Adapted from Howarth et al. (2016). 
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early Miocene marine regression a number of sedimentary basins developed in what is now the 
present day West Coast. These were subsequently loaded with sedimentary infill due to the rapid 
uplift and erosion of the Southern Alps (Nathan et al., 1986). Glacial carving of basement rock and 
consequent fluvioglacial sedimentation has also played a significant role in the formation of 
Whataroa Valley, as the entire valley, potentially right up to the present day coastline, underwent 
glaciation during the Last Glacial Maximum (24 – 18 ka) (Golledge et al., 2012). 
Within the vicinity of Whataroa, there are at least three onshore drilling projects that can 
constrain the immediate geology expected to be found in Whataroa Valley, namely Harihari-1, 
Waiho-1 and DFDP-2 (figure 2.5). Harihari-1 (New Zealand Petroleum Co. Ltd., 1971) and Waiho-
1 (New Zealand Petroleum Co. Ltd., 1972) indicate that the primary geology on the northwestern 
side of the Alpine Fault (ie: on the Australian Plate side) above the 2400 – 4000 m deep argillite 
basement is restricted to Pliocene and Miocene silty shales, mudstones and interbedded 
sandstones below an uppermost layer of 300 – 500 m deep Pleistocene fluvial gravels and glacial 
outwash (Sircombe and Kamp, 1998) as shown in figure 2.6.  On the southeastern side of the fault, 
the Pacific plate side, sampling from the drilling of DFDP-2A and 2B (Sutherland et al., 2015) reveal 
Quaternary fluvial-glacial gravels to a depth of 58 m, underlain by 18 m of sandy lake delta 
sediments. These sit upon a 129 m thick sequence of lake mud and silts overlying approximately 
34 m of coarse cobbles and boulders. The Alpine Schist basement was found at a depth of 240 m, 





















































































































































Figure 2.6. The geological units of the Australian plate side of Whataroa Valley as found from the Harihari-1 and Waiho-1 wells. 
From Lepine (2016) (adapted from Sircombe & Kamp, 1998). 
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2.1.3. Previous Research 
Several prominent seismic surveys have been previously conducted in Whataroa Valley, most notably 
the SIGHT transect, Whataroa 98 (Davey, 2010) and a collection of Whataroa and WhataDUSIE lines 
from Lepine (2016) and Lukacs (2018) (figure 2.7).  
The SIGHT (South Island Geophysical Transect) was a project conducted in 1996 which ran two parallel 
refraction transects from ocean to ocean bisecting the entire South Island perpendicular to the Alpine 
Fault. The aim of the study was to build understanding of lithospheric deformation at continental-
continental collisional plate boundaries (Davey et al., 1998). Transect-2 passed through Whataroa 
Valley, however very little data was able to be usefully  processed  in  this  particular  section  due  to  
the  highly  variable  nature  of  the  subsurface response to individual shots. In 1998 the Whataroa 98 
line was conducted as an extension of the SIGHT transect with recently reprocessed results of both 
surveys published by Davey in 2010. 
The Whataroa 98 line utilised a 636 channel, telemetered digital recording system over a length of 25 
km with a dynamite shot source placed in shot holes drilled to a depth of 24 m for 50 kg shots and 6 m 
for 2.5 kg shots. Each shot interval was spaced at 1 km for the 50 kg shots, with two of the 2.5 kg shots 
in between (Davey, 2010). Although the aim of the survey remained to focus on understanding 
deformation of the lithosphere at continental collisional boundaries, a secondary result was the 
determination of three seismically distinct units above the argillite basement on the northwestern side 
of the Alpine Fault within Whataroa Valley: the first with characteristic P-wave velocities between 1500 
– 2000 ms-1 from the surface to depths of 400 – 700 m, the second 400 to 600 m thick unit measured 
P-wave velocities of 2600 to 3000 ms-1 and the third unit was found to be approximately 2000 m thick 





Figure 2.7. Map of Whataroa Valley indicating the approximate locations of previous seismic surveys compared to the one used for this 
thesis. The WhataDUSIE and Whataroa 2013 & 2015 are described in the recent Masters and PhD theses, Lepine (2016) and Lukacs 
(2018), while Whataroa 98 is part of a larger survey presented by Davey (2010). Whataroa 2018 (denoted in dark purple) is the seismic 
survey line conducted for this thesis. Includes recent estimations of the Alpine Fault (Toy et al., 2017). Image adapted from Lepine (2016). 
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Recently, a collection of seismic lines around Whataroa Valley were processed and examined for 
Patrick Lepine’s 2016 Masters and Adrienne Lukacs’ PhD theses at Otago University. These include the 
2011 3D WhataDUSIE survey, involving seven 750 m long arrays on the hanging wall (Pacific Plate) side 
of the Alpine Fault, located to the east of Whataroa river, and the 2013 Whataroa survey, comprising 
four profiles of a total 3 km length. Both surveys used a hammer and plate based seismic source and 
aimed at characterising the sedimentary geology of the Whataroa Valley while also attempting to 
constrain the geometry of the Alpine Fault, particularly around the DFDP-2 drill site. A third survey is 
also included in Lepine’s thesis, which was conducted in 2015 with a heavier trailer-mounted weight 
drop source as an extension of the 2013 survey. The seismic profiles produced show four distinct 
sedimentary units overlying the basement in Whataroa Valley. These four units correspond to Davey’s 
(2010) interpretations and consist of an uppermost layer of fluvial gravels, followed by Pleistocene 
then Pliocene marine sediments with a transitionary zone just above the basement. Strong evidence 
of faulting was found within these sedimentary units, including the expected structure and site location 
of the Alpine Fault. However, these identified fault profiles did not extend all the way to the surface 
and were interpreted to be previously active branches of the Alpine Fault as opposed to current surface 
traces. Cumulative offsets were found to be on the order of 10 – 25 m. 
The site locality of the 2018 Whataroa study conducted for this thesis is based primarily upon recent 
LiDAR topographic surveys and subsequent trenching which have identified the only known surface 
traces of the Alpine Fault in the younger terraces of Whataroa Valley, in the vicinity of Whataroa river 
between Mint and Parker Creeks (Langridge et al., 2018). After the identification of a 1.2 m high, 
northeast trending, scarp derived from the frontal surface trace of the Alpine Fault, Langridge et al. 
(2018) excavated the site and were able to characterise sheared gravels and alluvial deposits related 
to the most recent 1717 AD earthquake. At this location the fault fabrics exposed in the trench dip 
from 45 - 65°SE and indicate a vertical offset between 1.0 – 1.4 m. The transform aspect of the fault 
was difficult to define because channels crossing the scarp show little deflection. However, strike-slip 
motion is expected to be less than metre-scale. From this study they were able to infer that slip on the 
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Alpine Fault within the valley is partitioned into multiple different strands, and that much of the total 
reverse slip motion on the fault can be accredited to this frontal trace rather than lateral slip.  
The location and orientation of this particular surface trace of the Alpine Fault, as described by 
Langridge et al (2018), will provide the primary site for the seismic survey investigation described in 
this and the following chapters. The geophone and shot arrays were designed to lie directly over the 
trench location, perpendicularly bisecting the Alpine Fault surface trace, with the intention of 
potentially mapping the profile of the fault plane in the subsurface. 
2.2. Field Methods 
For this survey two different types of geophone were used: eight 3-component (3C) geophones, 
totalling 24 channels, and an array of single component (SC) vertical geophones, with 48 of the SC 
geophones connected at any one time by way of a roll switch. Two different types of source were also 
implemented: a line of 42 explosive pentex boosters and a shorter set of hammer and plate shots 
repeated in various orientations at nine shot locations around the 3C geophones. For the first half of 
the survey, the 48 SC and eight 3C geophones were all connected to the same recording and computer 
system by way of three connected Geometrics Geodes. However, the 3C geophones were later 
switched to a GPS triggering system designed by the Victoria University of Wellington, with a separate 
recording set-up, in order to test the remote triggering system prior to use in Antarctica. This allowed 
the field laptop, Geode and other equipment connected to the 3C geophones to remain in place 
throughout the survey whilst the second field laptop connected to two linked Geodes, the roll switch 
and a gradually shifting string of 48 SC geophones to move down the array with each explosive shot. 
This section will describe the equipment used in the survey, along with the two types of seismic source 
that were implemented. 
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2.2.1. Single Component Geophones 
The SC (single component) geophones used for the survey are 14 Hz single component vertical 
geophones as shown in figure 2.8A. As illustrated in figure 2.8B, the internal components of the 
geophone comprise a wire coil suspended by a spring and wound around a fixed permanent magnet. 
A spike at the base of the geophone allows it to be coupled to the ground surface where it can move 
in synchrony with the ground as seismic waves pass through. This causes relative movement between 
the spring-suspended coil and fixed magnet, generating a voltage as the coil moves through the 
permanent magnetic field (Kearey et al., 2002).  
In this case, the seismic signals registered by the geophones were connected to the recording units by 
way of four 150 m long linked recording cables, each with 12 takeouts, 12 m apart. Each geophone has 
a positive and negative connector clip which joins to the takeouts in the recording cable.  
Vertical geophones such as those used in this survey are designed so that the internal coil is able to 
vibrate vertically (ie: the axis of the coil is perpendicular to the ground surface). This allows the 
geophone to be particularly susceptible to P-waves rising vertically at steep angles as reflections or 
refractions from subsurface boundaries, rather than direct P-waves from the source (Milsom & Eriksen, 
2011).    
Figure 2.8. A) One of the 14 Hz vertical moving coil geophones as used in this 
study. B) An illustration of the internal components of a vertical moving coil 
geophone. (From Milsom & Eriksen, 2011.) 
B A 
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2.2.2. 3C Geophones 
The 3-component geophones used in this survey are HGS 
(HL-6b) 4.5 Hz triaxial geophones in spiked casings (figure 
2.9). The basic physics behind the 3-component 
geophone is essentially the same as the SC vertical 
geophones except that two of the components vibrate 
horizontally rather than vertically. As each geophone 
contains three components, it thus has three output 
channels which operate with a wiring order of 1, 2 and 3 
corresponding to component vibration in the Z (vertical), 
N (North positive) and E (East positive) directions. Each geophone casing is labelled with a North arrow 
aligned with the N component, however for this entire experiment the geophones were oriented with 
the North arrow parallel to the geophone spread (ie: North arrow pointing NW) and will henceforth be 
referred to as the radial component. Similarly, the E component geophone was thus oriented 
perpendicular to the geophone array and will be referred to as the transverse component. Each of the 
eight geophones are connected to an ‘octobox’ (figure 2.10) which allows all of the geophones to be 
gathered and connected to a Geode with a single output cable. 
Figure 2.9. The HGS (HL-6b) 4.5 Hz triaxial 
geophone with spiked casing. Each geophone 
contains one vertical component and two 
horizontal components with vibration directions 
aligned North positive (red arrow) and East 
positive (yellow arrow). The casing contains a 
level bubble for accurate placement and one 
output cable containing the 3 channels.   
Single output cable 
Octobox 
8x 3C geophone 
input connections  
Figure 2.10. The octobox that receives input from the 8 3C geophones and outputs with one cable to be 
connected to a Geometrics Geode. 
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2.2.3. Geometrics Geodes and Recording System 
Two linked 24-channel Geometrics Geodes connected to a rugged field laptop and a live string of 48 
geophones via a roll switch and four recording cables were used for the SC geophone array (figure 
2.11). More than 48 geophones and their corresponding recording cables were laid out along the array, 
however with the limitation of the two Geodes, only 48 channels could be recording at any one time. 
Initially the SC and 3C geophones were connected up to the same system, with three linked Geodes, 
for a total of 72 channels, however only 48 of the SC geophones were live at any time as the eight 3C 
geophones required 24 of the 72 channels. The 3C geophones were later moved to a remote GPS 
triggered recording system with a single Geode and field laptop (figure 2.12) where the system was set 
to remotely record for 4 seconds every 2 minutes in sync with the triggering of the explosive shots. 
The Geodes were set to record for 2.048 seconds (except for the remote system with record length 





























The Geometrics Geodes (figure 2.13) are analogue to digital 
conversion seismographs which receive the analogue seismic 
signals from the geophones and allow them to be digitally 
recorded. The Geodes connect to a field laptop utilising Geode 
software providing an on site display of the data being recorded. 
2.2.4. Hammer and Plate Source 
The hammer and plate method produces seismic energy by using a sledge hammer to physically strike 
a wood encased aluminium plate placed on the ground. Two different types of plate are used in this 
survey: a down plate and a vertically mounted “shear source” plate (figure 2.14). The down plate 
follows traditional hammer and plate seismic source methods where particle vibration is produced in 
a vertical direction. P-waves are thus propagated in the downwards direction leading to strong P-wave 
reflections from subsurface layers favoured over direct P-wave arrivals. Conversely, by striking the 
vertically mounted aluminium plates on the shear source the horizontal vibration of particles 
propagating in the downwards direction allows for the production of shear waves (figure 2.15). A 
trigger from the Geometrics receiving equipment is attached to the hammer, where upon striking the 
aluminium plate with the hammer the circuit is shorted, triggering the equipment to record the event.  
Figure 2.13. The 24 channel Geometrics Geode 
analogue to digital conversion seismograph. 
Figure 2.12. The remote GPS triggered recording system used for the 3C geophones in the latter half of the survey. 







Figure 2.16 shows the shear source used in this experiment, designed after Haines (2007). It consists 
of two vertically mounted aluminium plates, held in place by hard polymer strips, and coupled to the 
ground by a square wooden plank with metal pegs in each corner. Along with the weight of the person 
standing atop the shear source, the pegs also serve to hold the plate in place, theoretically allowing 
minimal normal force to the ground from hammer blows and thereby producing minimal P-waves and 




Figure 2.15. The shear source plate in action (with down plate in the background). Seismic waves are produced by hitting 
the aluminium plate with a hammer. 
4
Figure 2.14. The production of P- and S-waves by different hammer and plate designs. 5
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The vertically mounted aluminium plates on the shear source are also rotatable by 180° so that 
hammer blows can be oriented to produce shear waves in different directions. By hitting the plate in 
different orientations it is expected that differently polarised shear waves can be produced and 
received, with shots parallel to the geophone array providing SV-waves (vertically polarised shear 
waves) and shots perpendicular producing SH-waves (horizontally polarized shear waves) (Dasios et 
al., 1991). Optimal shot-receiver pairs for processing are parallel (ie: radial) shots with the radial 
geophone component (R/R), perpendicular shots (ie: transverse) with the transverse component (T/T) 
and down shots on the down shot plate (ie: vertical) with the vertical component (V/V) (Hasbrouck, 
1991). 
The hammer and plate method was primarily employed for this experiment due to the unique 
advantage of being able to select various shot orientations on the shear source. It also has benefits 
over some of the other known shear sources (as mentioned in Chapter 1) as it is relatively inexpensive 
Figure 2.16. The shear source used in this survey, designed after Haines (2007). Two vertically mounted aluminium plates 
on a wooden block are held in place by thick polymer strips. The vertical block is rotatable by 180° and is attached to a 







to produce and easily portable. However, a disadvantage of this method is that the person striking the 
aluminium plate with the hammer will not do so with equal energy each and every time, thus the 
seismic energy recorded in each shot will vary. To combat this, the same person was used to strike the 
hammer throughout the entire experiment where each shot from the same person should be of a 
similar strength. Although it should also be taken into account that that person’s strength may 
decrease over many hours of repeated striking.  
Another disadvantage of this method is that if the hammer is not lifted fast enough after each strike, 
a double bounce may occur where the hammer strikes the plate a second time immediately after the 
first. Care was taken while striking the plate and double bounce shots were discounted. 
2.2.5. Explosive Source 
The explosive shots used in this survey consist of an electric detonator with 150g Pentex boosters 
























Trigger wire attached to the detonator is armed by a GPS triggering system designed by the Victoria 
University of Wellington (figure 2.18) which allows the explosive to be armed and detonated at the 
end of any two-minute period, timed by GPS.  
As the depth of each shot hole varied due to the difficult ground material encountered while digging, 
the depth of each hole and a description of the soil removed is recorded in table 2.1. The aim was to 
dig as deep and as narrow of a pit as possible and pack the removed material back in over the explosive 
as tightly as possible, in order to maximise the energy produced in a downwards direction, rather than 
upwards. However, as many large stones (10s of cm wide) were encountered while digging, it became 
difficult to remove them without creating a wide hole. As a result, debris from the explosions (including 










Shot number Depth (cm) Comments
9024 70 Soil + rocks
9026 70 Soil + some rock
9028 70 Soil
9030 70 Soil + rocks
9032 60 Soil on hard rock
9034 60 Rocky
9036 65 Rocky
9038 55 Soil on hard rock
9040 70 Rocky
9042 70 Rocky
9044 70 Big rock in hole
9046 80 Sandy, but large hole
9048 90 Sandy
9050 90 Sandy
9052 75 Wet at bottom
9054 60 Soft sand
9056 70 Sand in trees
9058 75 Sand in trees
9060 70 Sand in trees
9062 65 Sand + rocks
9064 60 Sand + rocks
9066 55 Sand + rocks
9068 60 Sand + rocks
9070 65 Sand + rocks
9072 65 Rocks
9074 65 Soil + rocks
9076 70 Soil + rocks
9078 60 Soil + rocks
9080 60 Soil + rocks
9082 65 Soil + rocks
9084 65 Soil + rocks
9086 70 Soil + rocks
9088 70 Soil + rocks
9090 90 Sand
9092 90 Sand
9094 70 Sand + rocks
9096 70 Sand
9098 65 Sand + rocks
9100 80 Sand + rocks
9102 65 Soil + rocks
9104 50 Soil + rocks
9106 65 Soil + rocks
Total shots: 42
Table 2.1. A record of the shot locations with the hole depth dug and 
type of material encountered while digging.  
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In this case the explosive source was employed as a requirement for certain members of the field party 
to gain certification in the use of explosives before travelling to Antarctica, however there are a 
number of benefits to choosing an explosive source over the hammer and plate method. For example, 
the explosive source produces much more energy than the hammer and plate. This is particularly 
important when aiming to image deeper into the subsurface, as the seismic waves produced by 
explosion will be able to travel further before attenuating. The explosion is also able to produce seismic 





Figure 2.19. A comparison of the effect of the ground material in which the explosives were placed: A) A rock-filled 




system. However, whether or not this will be equally efficient at producing S-waves as the directionally 
oriented shear wave source is unknown and will be analysed in the data collected.  
Disadvantages to the explosive source are also numerous and include the cost of materials, the extra 
health and safety hazards (in travelling with, handling and detonating the explosives) and the extensive 
set-up required. As each explosive shot required a (preferably) 100 cm hole to be dug before 
emplacement, in the river gravel filled surface layer of Whataroa Valley this proved to be quite time 
consuming. Further disadvantages of this source are that shots are not as easily repeatable, if required, 
(unlike the hammer and plate source) and falling debris have the potential to contaminate the seismic 
record. 
2.3. Survey Layout 
The survey layout of the single component (SC) vertical geophones with explosive shot sources are 
displayed in figure 2.20 with a magnified view of the 3C geophone array with hammer shot locations 
shown in figure 2.21. This section will detail the layout of both shots and receivers used in this survey. 
2.3.1. Receivers 
SC geophones 
Each SC geophone was spaced at 10 m intervals, for a total line length of 1,270 m, beginning with 
geophone numbered #19001 at the southeastern end of the line and ending with geophone #19128 at 
the northeastern end. Four receiver cables each with 12 takeouts were used to connect a live string of 
48 geophones to the Geometrics Geodes as discussed in section 2.2. By utilising a roll switch, different 
sets of the 48 geophones were live for each of the explosive shots, as illustrated in figure 2.22. Despite 





Figure 2.20. The location of single component geophones numbered G#19001 to 19128 (purple dots) and explosive shots S#9024 to 
9106 (blue dots) in the Whataroa survey. The orange box indicates the location of the 3-component geophones and hammer shots, 
expanded in figure 2.21. 






Figure 2.21. Location of the 3C geophones (pink) and hammer/plate shot locations (yellow) of the Whataroa survey. 
Dashed red line indicates the estimated surface trace of the Alpine Fault from Langridge et al. (2018). 
Figure 2.22. The strings of 48 geophones active for each shot. SC geophone numbers are located at the top of the image while shot 
numbers corresponding to each string are found down the left-hand side. The blue line indicates the extent of the live geophones. 
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3C geophones 
A string of eight 3C geophones numbering #1 through #8 were placed at the same locations as SC 
geophones #19043 through #19050 respectively. The eight geophones, each with three components 
totaling 24 channels, were left in the same position to record each shot throughout both explosive and 




Explosive shots were spaced at 20 m intervals numbering #9024 through #9106 for a total of 42 shots, 
beginning 5 m northwest of geophone #19024. Shots were placed in line with the geophone array and 
each shot location consisted of a single explosive shot. 
Hammer & Plate 
Hammer and plate shots were spaced at 10 m intervals numbering #1001 through #1009 for a total of 
9 shot locations, beginning 7 m southeast of 3C geophone #1. At each shot peg location shots were 
repeated five times in each orientation: clockwise, anticlockwise, away, towards and down as indicated 
by the illustration in figure 2.23. 
Surveying 
A peg was placed at each geophone and shot location in order to record the position and labeled 
accordingly, beginning at 19001 for the 3C geophone array and 9024 for the explosive shot line. Shots 
were numbered according to their proximity to each geophone rather a simple sequential system. For 
example, shot number 9024 was located 5 m northwest of geophone number 19024 and shot number 
9106 5 m northwest of geophone 19106. A Trimble R8s integrated Global Navigation Satellite System 
(GNSS) was used to record each location by differential correction with the Hokitika continuously 





Figure 2.23. The orientation of hammer shots relative to the geophone array running 
NW to SE.  
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Chapter 3: Seismic Processing (Whataroa Valley) 
Seismic data is the convolutional product of a number of factors: 
𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝑑𝑎𝑡𝑎 = 𝑠𝑜𝑢𝑟𝑐𝑒 ∗ 𝑒𝑎𝑟𝑡ℎ 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ∗  𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 + 𝑛𝑜𝑖𝑠𝑒 
where * denotes convolution (Yilmaz, 2001). This means that the seismic signal recorded by equipment 
in the field will contain a basic seismic wavelet produced by the source combined with the earth’s 
impulse response along with an inherent amount of noise (figure 3.1).  
By processing seismic data in the lab with appropriate software and by applying different filtering 
techniques the noise factor can be minimised and different geometries of source-receiver signals can 
be produced, such as shot gathers, receiver gathers and common depth point gathers. Processing of 
Figure 3.1. The ultimate signal received by a seismograph, illustrating the constituent 
signals where * denotes convolution. Adapted from Yilmaz (2001).  
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the seismic data collected on the Whataroa 2018 field survey was conducted using the Globe Claritas 
software on a Linux operating system. Globe Claritas is a software package originally developed in the 
mid-1980s by New Zealand’s GNS Science, capable of processing both 2D and 3D land and marine 
seismic data. 
Seismic processing in Claritas is organised into different jobs (with the file extension .job) where each 
job consists of a number of modules (see figure 3.2). Figure 3.3 illustrates the flow of processing 
methods undertaken in Claritas to produce the shot gathers, receiver gathers and stacked seismic 
profiles which will be discussed in the next chapter. Due to the additional aspect of separating the three 
components of the 3C geophones into single radial, transverse and vertical records there are additional 
steps to the processing that are not required for the SC geophones. With the hammer and plate source 
there are also multiple shot orientations and repeated shots that must be organised and stacked in a 
way that is not required for the explosive source, as each explosive shot location consists of only a 
single shot. 
This chapter will discuss the main modules and steps taken in processing the data collected in the field 
during the Whataroa 2018 field survey, as illustrated by the processing flow diagram, and the filtering 
procedures used to remove unwanted noise. All raw data and Claritas processing files can be found in 
the digital appendix.  
Figure 3.2. The Claritas interface used during processing with an example of a job (in the window to the right) consisting 
of a number of modules (numbered 01 to 08). 
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3.1. File Conversion 
All data recorded by the Geometrics Geodes in the field were saved in SEG-2 file format which requires 
conversion to SEG-Y (specifically, Claritas SEG-Y with the file extension .csgy) before processing in 
Claritas software. As each shot recorded in the field is saved as a single SEG-2 record (with .dat 
extension) the Claritas seg2segy converter allows each of these singular files to be combined into 
one .csgy file. 
In the case of the remotely triggered GPS recording system utilised for the majority of the explosive 
shots recorded on the 3C geophones, the system was set to record for 4 seconds at the end of every 
two-minute period. Explosive shots were also set to be detonated at the end of the same two-minute 
period, however they were not detonated at the end of every single period, whereas the 3C system 
Figure 3.3. A flow chart indicating the steps undertaken in processing the data to output stages (shot gathers, common 
receiver gathers and final stacks) that will be examined in the following chapters. The central flow indicates steps followed 
for all data processed while steps on the left and right indicate additional actions taken to process the 3C hammer and plate 
source data and 3C explosive source data, respectively. 
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was set to record at the end of every period regardless if a shot was detonated. The system was set-up 
in this manner in order to test the ability of remote recording (without the need for manual triggering), 
however it does leave a large number of unwanted SEG-2 files. In this case a person remained with the 
remote triggering system and manually noted down the file numbers of records that contained shot 
information. While unwanted files are usually removed later during Claritas processing, due to the large 
number of unwanted files it was deemed more efficient in this particular case to sort and select only 
the SEG-2 files with shot information to be converted into Claritas SEG-Y. 
3.2. Stacking Repeated Shots 
For the hammer and plate source survey, five repeated shots were produced for each shot orientation 
at each shot location. By stacking repeated records the signal to noise ratio can be increased, leading 
to a cleaner shot record (Yilmaz, 2001). Shots can be stacked in the field using the Geometrics Geode 
software, however once stacked these shots cannot be unstacked. By performing the stacking in 
Claritas, post-field, it is possible to quality control the data and choose which particular records to stack. 
For example, noisy records or misaligned first seismic wave arrivals due to faulty triggering can be 
identified and deselected from the stack. For this survey each of the five repeated shots at the first 
shot location for the first four shot orientations, clockwise, anticlockwise, away and towards, were 
stacked in the field before it was decided (for quality control reasons) to continue the survey without 
stacking.   
In order to stack repeated shot records in Claritas, first the setheader module was used to set the 
SPARE2 header to contain information about the shot orientation. SPARE2 was labelled as 1, 2, 3, 4 and 
5 for shot orientations clockwise, anticlockwise, away, towards and down, respectively. In a second job 
the addhdr module was then applied, allowing a text based list (with file extension .ahl) to add 
information to the shot_peg header, where each shot record file number listed in the headers file was 
assigned to its appropriate shot location (for example, hammer shot location 1001, 1002 etc as 
illustrated in figure 2.21 from the previous chapter). 
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In this same job, unwanted shot record files were deleted by using the tremove module which allows 
unwanted traces to be removed from the .csgy file. During the field survey a notebook was kept to log 
any shot records that should be removed, for example, due to badly aimed shots, mistriggering, or 
excessive noise on the line from people walking past during recording. The tremove module allows 
both single traces (ie: the signal recorded by a singular geophone for one shot) or entire shot records 
(ie: all traces received from each of the 3C geophones, totalling 24 channels, for one shot). In this case 
only entire shot records were removed. 
Finally, the stackshots module was used to stack shots with the same SPARE2 (ie: shot orientation) and 
shot_peg (shot location) headers. Table 3.1 lists the file numbers for each set of stacked shots and the 
new SHOTID (file name) given to the resultant stacked shot file.  
3.3. Adding Geometry 
In order to add geometry to the data, a survey file and observer log are first created and then combined 
using the addgeom module. This step was completed for all source and geophone types. 
The survey file (with extension .sur) is a text based file which assigns the elevation, Easting and Northing 
(in metres) to each shot_peg (shot location) and geophone number (geophone location). The observer 
log file (with extension .obl) is also text based and identifies each ShotID (shot record file number as 
saved in the field) with a shot_peg number. It is also used to identify the receiver (geophone or 3C 
component) numbers which are live for each shot, linking each receiver to its specific channel and 
noting the roll switch location (figure 3.4). 
 
Figure 3.4. An extract from the observer log file created for the hammer and plate 3C survey. Each line allocates a ShotID (file 
number) to an Speg (shot peg number) and a string of live receivers and their corresponding channel numbers. The RLSW column 
identifies the location of the roll switch.  
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 Peg location: Shot orientation SHOTID
1001 Clockwise 9030 9030
1001 Anticlockwise 9031 9031
1001 Away 9032 9032
1001 Toward 9033 9033
1001 Down 9038 9038 9039 9040 9041 9042
1002 Clockwise 9043 9043 9044 9045 9046 9047
1002 Anticlockwise 9048 9048 9049 9050 9051 9052
1002 Away 9053 9053 9054 9055 9056 9057
1002 Toward 9058 9058 9059 9060 9061 9062
1002 Down 9063 9063 9064 9065 9066 9067
1003 Clockwise 9069 9069 9070 9071 9072 9073
1003 Anticlockwise 9074 9074 9075 9076 9077 9078
1003 Away 9079 9079 9080 9081 9082 9083
1003 Toward 9084 9084 9085 9086 9087 9088
1003 Down 9089 9089 9090 9091 9092 9093
1004 Clockwise 9094 9094 9095 9096 9097 9098
1004 Anticlockwise 9099 9099 9100 9101 9102 9103
1004 Away 9104 9104 9105 9106 9107 9108
1004 Toward 9109 9109 9110 9111 9112 9113
1004 Down 9114 9114 9115 9116 9117 9118
1005 Clockwise 9119 9119 9120 9121 9122 9123
1005 Anticlockwise 9124 9124 9125 9126 9127 9128
1005 Away 9129 9129 9130 9131 9132 9133
1005 Toward 9134 9134 9135 9136 9137 9138
1005 Down 9139 9139 9140 9141 9142 9143
1006 Clockwise 9144 9144 9145 9146 9147 9148
1006 Anticlockwise 9149 9149 9150 9151 9152 9153
1006 Away 9154 9154 9155 9156 9157 9158
1006 Toward 9159 9159 9160 9161 9162 9163
1006 Down 9164 9164 9165 9166 9167 9168
1007 Clockwise 9169 9169 9170 9171 9172 9173
1007 Anticlockwise 9174 9174 9175 9176 9177 9178
1007 Away 9179 9179 9180 9181 9182 9183
1007 Toward 9184 9184 9185 9186 9187 9188
1007 Down 9189 9189 9190 9191 9192 9193
1008 Clockwise 9194 9194 9195 9196 9197 9198
1008 Anticlockwise 9199 9199 9200 9201 9202 9203
1008 Away 9204 9204 9205 9206 9207 9208
1008 Toward 9209 9209 9210 9211 9212 9213
1008 Down 9214 9214 9215 9216 9217 9218
1009 Clockwise 9219 9219 9220 9221 9222 9223
1009 Anticlockwise 9224 9224 9225 9226 9227 9228
1009 Away 9229 9229 9230 9231 9232 9233
1009 Toward 9234 9234 9235 9236 9237 9238
1009 Down 9239 9239 9240 9241 9242 9243
File no.
Table 3.1. The file numbers of shots stacked for each shot peg location and the file name (SHOTID) given to the new stacked 
shot file. 
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Once both of these files have been created the set-up geometry function is used to combine the two 
and produce a map view of each shot and receiver location. By using the wiggly-line CDP gather 
function, CDPs (common depth points) can also be assigned, where each CDP is half of the length 
between geophones (in this case 5 m). Examples of the combined geometry and assigned CDP positions 
are shown in figure 3.5. CDPs will be discussed again in section 3.7. 
3.4. Sorting Components 
Throughout the processing methods thus far, the 3C geophones in each shot record have shown the 
traces from all three components displayed with channels in the order of vertical, radial and transverse, 
respectively. To produce a visually useful shot gather, each component needs to be separated out, 
resulting in three separate shot gathers, of vertical, radial and transverse, for each shot location and/or 
shot orientation. This was achieved by using the setheader module to assign the SPARE1 header a 
number corresponding to each component, where the vertical, transverse and radial are labelled as 12, 
13 and 14 respectively. 
To produce three simultaneous outputs (ie: one shot gather of each component for each shot location 
and/or orientation) the Job Control System (JCS) function (with file extension .jcs, as opposed to .job) 
was used. The separation was achieved by using the if module, where the list option was set to SPARE1 
and listval set to <Spare1> combined with the else and tremove modules. This results in an output for 
each variable of SPARE1 where only records with that specific variable (ie: either 12, 13 or 14) are kept 
within the output and all others are removed by the else and tremove module. 
3.5. Shot Gathers with Geometry 
From completion of the processing methods discussed thus far, shot gathers with geometry are able to 
be viewed from the sv (seismic viewer) function in Claritas. Shot gathers show the traces recorded by 
each geophone (or specified component) for a single shot. In the case of the hammer and plate source 
shots, these are stacked records with an average trace. Figure 3.6 provides an example of the shot 























































































































































































































































































whereby drawing a best fit line across aligned seismic arrivals the velocity of the arrival can be obtained 
(where the velocity is calculated as the distance between geophones on the x-axis divided by time on 
the y-axis). This function will be used extensively to examine the velocities of first arrivals, as discussed 
in the next chapter. 
 
  
Figure 3.6. An example of the shot gathers produced with the 3C geophones using a hammer and 
plate source. The SHOTID indicates the file number of the shot record and the channel number on the 
x-axis corresponds to a geophone. The traces have been separated into separate components so that 
each shot record shows only a single component from each of the 8 geophones recorded for each 










3.6. Common Receiver Gathers 
CRGs (common receiver gathers) were produced for the explosive shot records on the 3C components. 
Common receiver gathers are different to shot gathers; where a shot gather shows all of the traces 
recorded by each receiver for a single shot, a common receiver gather shows all of the traces recorded 
by a single receiver for each of the shots (see figure 3.7). This is especially useful for looking at the 3C 
geophone data from the explosive shot source as there were significantly more shots (42) than 
receivers (8). Thus, in this case, the CRG will contain 42 traces compared to the eight traces of a shot 
gather, allowing more information from further offsets to be viewed in one image. The CRGs were 
achieved by using the gensort module, where the PKEYNAME (primary key name) option was set to 
REC_PEG (the receiver peg number) specifying <RPEG1> and <RPEG2> as the first and second primary 
keys. This allows the module to sort the data by only one receiver at a time producing a common 
receiver gather such as shown in figure 3.8. 
  
Figure 3.7. An illustration of the difference between a shot gather and a common receiver gather (CRG). A shot gather shows 





Figure 3.8. An example of a common receiver gather produced for the 3C geophones (in this case, the vertical 3C 
component) for the explosive source survey. Each single trace was recorded by the same geophone for each of the explosive 










3.7. Common Midpoint Gathers 
Seismic data is generally acquired in shot and receiver geometries with shot-receiver coordinates (s,g). 
However, in order to stack the data into a seismic profile which resembles the geology of the subsurface 
such as in figure 3.9, the data needs to first be converted into midpoint-offset (y,h) coordinates as 
shown in figure 3.10 (Yilmaz, 2001). By sorting the data into CMP (common midpoint) gathers, the 
coordinate system can be transformed.  
A common midpoint is the point halfway between a source and receiver which is common to multiple 
source and receiver pairs. When subsurface reflecting layers are horizontal and velocity does not vary 
horizontally, the CMP is equivalent to the CDP (common depth point). However, when subsurface layers 
are dipping, the CDP will no longer be the same and CDP and CMP cannot be referred to 
interchangeably. As the geology of Whataroa Valley is primarily basin sediments, a significant dip in 
bedding reflectors is not expected, and therefore the CDP and CMP values are likely to be equivalent. 
Figure 3.9. An example of (A) a seismic profile from stacked CMP gathers which can be used in interpreting the geology of 
the subsurface (B). From Gorney et al. (2007). 
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Figure 3.10. (a) A shot gather with coordinate system (s,g) and (b) a CMP (common midpoint gather) with 
coordinate system (y,h). Receiver locations are indicated by triangles and denoted by the letter G, while shot 
locations are indicated by filled circles and denoted by the letter S. Arrows indicate the different ray paths taken 
from source to receiver that are analysed in a shot gather compared to a CMP gather. The different processing 
coordinate systems used by each gather are illustrated at the top of the image where the midpoint-offset (y,h) 
coordinates can be defined in terms of shot-receiver (s,g) by: y = (g+s)/2 and h = (g-s)/2. From Yilmaz (2001). 
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The number of common seismic reflections attributed to each CMP is referred to as the nominal fold 
where (from Yilmaz, 2001): 
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑜𝑙𝑑 (𝑛𝑓) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑔𝑒𝑜𝑝ℎ𝑜𝑛𝑒𝑠 (𝑛𝑔) ×  𝑔𝑒𝑜𝑝ℎ𝑜𝑛𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (∆𝑔)
2 × 𝑠ℎ𝑜𝑡 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (∆𝑠)
 
For the surveys conducted at Whataroa (2018) the nominal folds are: 
𝑛𝑓(𝑆𝐶 𝑠𝑢𝑟𝑣𝑒𝑦: 𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒 𝑠𝑜𝑢𝑟𝑐𝑒) =  
48 ×  10 (𝑚)
2 × 20 (𝑚)
= 12 
𝑛𝑓(3𝐶 𝑠𝑢𝑟𝑣𝑒𝑦: 𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒 𝑠𝑜𝑢𝑟𝑐𝑒) =  
8 ×  10 (𝑚)
2 × 20 (𝑚)
= 2 
𝑛𝑓(3𝐶 𝑠𝑢𝑟𝑣𝑒𝑦: ℎ𝑎𝑚𝑚𝑒𝑟 & 𝑝𝑙𝑎𝑡𝑒 𝑠𝑜𝑢𝑟𝑐𝑒) =  
8 ×  10 (𝑚)
2 × 10 (𝑚)
= 4 
As seismic waves from each source-receiver pair will not reflect off the exact same CDP location, CDP 
bins are defined during the geometry process (as discussed in section 3.5) which allows a nominated 
area to define the acceptable CDP location, rather than a point. For all surveys the CDP bin size parallel 
to the line was set to 8 m with 40 m perpendicular. 
In Claritas, converting from shot gathers to CMP gathers can be achieved by sorting traces with the 
discsort module. In order to sort the traces into CMP gathers the PKEYNAME (primary key name) on 
which to sort was set to CDP and SKEYNAME (secondary key name) set to CDPTRACE. 
In the case of the hammer and plate source data, opposite direction shots were first stacked together 
in a similar manner as the repeated shots were stacked together in section 3.2: by adding headers with 
the setheader module and using stackshots to combine the clockwise shots with anticlockwise, and 
away shots with the towards. This was done on the theory (eg: Dasios et al., 1991) that shots of 
opposing directions on the shear source may produce shear waves of opposite polarity, while any P-
waves recorded will not change polarity. Thus, by subtracting opposite shot orientations the P-waves 
present in the trace record should be minimised while maximising the recorded S-waves. Shot gathers 
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of each opposing shot direction will be examined in detail in the next chapter and will include a 
discussion on whether or not opposing polarities were achieved with the shear source used. 
As ideal shot direction and receiver component pairs are (R/R), (T/T) and (V/V) (as discussed in Chapter 
2, section 2.2.4) before converting to CMP gathers with the discsort module, all perpendicular and 
down shots were removed on the radial component, while all parallel and down shots were removed 
on the transverse component and both parallel and perpendicular shots were removed on the vertical 
component using the tremove module. 
3.8. Raw Stack 
A “raw stack” is the product of stacking CMP gathers before applying data filtering to achieve a final 
stacked seismic profile. This is accomplished by using the NMO (normal moveout) module along with 
the stack module in Claritas. 
On a common midpoint gather, the NMO defines the difference between the two-way time at a 
particular offset (t) and the two-way time at a zero-offset (t0) (Yilmaz, 2001). For example, in the 
incident of a single horizontal reflecting layer (figure 3.11 ) for a midpoint location (M), the travel time 
required for a seismic wave to propagate from the shot position (S) to the common depth point (D) and 
back up to the recording geophone (G) (ie: two-way time) can be calculated (by Pythagoras’ theorem) 
as: 
                              𝑡2 = 𝑡0
2 + 𝑥2/𝑣2 
where x is the distance (or offset) between source and 
receiver locations while v is the velocity of the material 
the seismic wave is travelling through (from Yilmaz, 
2001).  
As this relationship is hyperbolic, NMO corrections must 
be applied to remove the effect of the offset (as 
Figure 3.11. The NMO geometry for a ray path reflecting 
on a single horizontal boundary. S and G denote the shot 
and receiver positions while M and D indicate the 
common depth and common midpoint positions, 
respectively. From Yilmaz (2001). 
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illustrated in figures 3.12 and 3.13). By inputting basic estimated velocities of the geology (table 3.2) 
into the NMO module in Claritas the normal moveout correction can be calculated and applied. From 
examination of first arrival velocities from the explosive source (discussed in detail in the next chapter) 
it was decided that the same velocities would be used for all three components, as all three 
components showed similar first arrival velocities. For the horizontal components used in the hammer 
and plate survey, an attempt was made to estimate shear wave velocities and use these as the input 
velocities as the horizontal components on the 3C geophones indicated slower first arrival velocities. 
However, after comparing the raw stacks with different NMO velocity inputs it was determined that 
the stacks produced were visually indistinguishable, suggesting that in this case the different velocity 
values input had little to no effect on the stack. 
Within the same job the AGC and balance modules were both applied. AGC (automatic gain control) is 
used to balance amplitudes out throughout a whole trace by calculating the average amplitude over a 
particular time window, in this case 100 ms, which is then used to normalise the data with a fixed scale 
factor. The balance module scales each trace so that the average amplitude of the output trace is 
constant, therefore serving to balance out constituent traces of the CMP gathers when stacking so that 




Figure 3.12. An illustrated description of NMO correction where 
the change in tNMO is used to map each seismic arrival to the correct 












Table 3.2. The basic estimated velocities of the local geology applied to the NMO correction for the explosive survey, all 
geophone types. Applied velocities were chosen to be slightly lower for the horizontal components in the hammer and 
plate survey as shot gathers indicated these components in the hammer survey have slower velocities (possibly due to 
not detecting the P-wave as the first arrival). 
Figure 3.13. An example of (a) a CMP gather with a single arrival which has been (b) corrected for NMO using an appropriate 
velocity, (c) corrected for NMO using a velocity that was too low (over correction) and (d) corrected for NMO using a velocity 
that was too high (under correction). (From Yilmaz, 2001). 
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3.9. Post-stack Filtering 
During processing, filtering is applied to the raw stack data to remove unwanted noise and produce a 
cleaner stacked seismic profile. For large seismic surveys the filtering process can be extremely 
intensive and is an essential part of the final stack produced. However, as the seismic lines used in the 
Whataroa survey were small, particularly in the case of the 3C geophones, and as the aim of this thesis 
is more to compare the different information received in the shot gathers rather than produce a highly 
detailed seismic profile, only basic post-stack filtering was applied. In fact, in the case of the 3C hammer 
survey, any attempts to filter the data did not appear to benefit the final stack at all. 
There are various types of unwanted signal (ie: noise) that may be present in seismic data, including 
(Kearey et al., 2002):  
1. Random noise – such as the vibration from passing vehicles, wind or rain. This can be limited 
to a few geophones or cover the entire array. 
2. Coherent noise – this is seismic signal produced by the seismic source which is deemed 
undesirable to the data, such as traces recorded from surface waves which may obscure 
desired signal from reflecting P-waves. This type of noise will be recorded by all geophones in 
the array.  
3. Survey noise – factors relating to the survey, such as double bouncing from the hammer and 
plate source, or electrical noise generated by faulty geophones or the recording system, may 
also have some effect on the seismic data. 
A log book was kept during field work to note any particularly noisy hammer shots and these were 
removed using the tremove module before stacking repeated shots. In the case of post-stack noise 
removal, where the entire stack is subjected to a filtering process (rather than the removal of a single 
trace or shot record), different Claritas filtering modules were applied on a trial and error basis. The 




Fdfilt is a band-pass filtering module which applies a zero-phase filter with a quasi-trapezoidal 
amplitude spectrum. Corner frequencies for the trapezoid are selected based on the primary 
frequencies present in the data and any trace amplitudes with frequencies which do not fall within the 
trapezoid are zeroed (figure 3.14). 
Fxdecon 
FX deconvolution is a post-stack coherency filter which can be used to attenuate random noise. The 
Fxdecon module transforms each trace into the frequency domain (ie: into (f,x) space, frequency-
distance coordinates) where complex Wiener deconvolution is applied for each frequency in the x 
direction. Once filtered and the unwanted noise component is removed, the traces are converted back 
into (t,x) (ie: time-distance) space. Effectively, this filter serves to search for and enhance seismic traces 
Figure 3.14. An example of an amplitude spectrum which has been band-pass filtered. All frequencies that do not fall within the 
selected corner frequencies of the trapezoid are zeroed. 
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that are aligned continuously in the x direction, improving the appearance and identification of 
reflection events (figure 3.15). 
 
  
Figure 3.15. (a) An example of a stacked CMP seismic profile which has (b) undergone (f,x) deconvolution 
filtering. Note the enhancement of coherent horizontal reflectors while background noise has been faded 





The finite difference time migration module, fdmig, uses an (x,t) domain implicit 45 degree migration. 
The migration of data is sometimes necessary to geometrically relocate point reflectors or dipping 
reflectors back to their true position (see figure 3.16). 
For the stacked seismic profile produced with SC vertical geophones and the explosive source, a 
combination of the FX deconvolution and the finite difference migration filtering were found to 
produce the cleanest image, however filtering on the 3C geophones was much more difficult. For 
example, when applying different filtering combinations to the 3C explosive shot seismic profiles the 
fxdecon and fdmig modules were able to produce sharper and more coherent horizontal reflectors 
compared to the raw stack (figure 3.17). However, due to the much smaller number of geophones 
compared to shots the effect of the migration transformation caused smearing to occur in the upper 
Figure 3.16. An example of the unmigrated recorded position of (a) a point reflector and (b) 
a dipping reflector compared to its true location in the subsurface. The reflector points will 
automatically be relocated to appear as if they are directly beneath the source-receiver 




part of the image. In the case of the 3C hammer shot profiles, filtering seemed to have little effect on 
the data at all (figure 3.18).  
As it was difficult to determine whether or not the 3C filtered stacks have any benefit over the raw 
stacks, it was decided to keep all of the 3C profiles unfiltered for the examination and comparisons 
discussed in the next chapter. 
 
  
Figure 3.17. (a) The raw stack seismic profile produced for the radial component 3C geophones in the explosive survey. Images (b), 
(c) and (d) show the effects of different combinations of filtering modules applied to the raw stack. 
(a) (b) 
(c) (d) 
raw stack fdfilt 



































































































































Chapter 4: Whataroa Results 
This chapter will detail the observations and results garnered from the seismic field experiment held 
at Whataroa, on the West Coast of New Zealand, from the 21st to the 26th of September, 2018 as 
covered in Chapter 2 of this thesis. The data presented here have been processed through the seismic 
software, Claritas, as explained in Chapter 3, and will include comparisons of:  
1. traces recorded by the 3-component (3C) geophones and produced by different shot directions 
on the hammer and plate sources;  
2. first arrival velocities as recorded by the different components, radial, transverse and vertical, 
of the 3C geophones;  
3. hammer and plate source data received by the single component (SC) vertical geophones 
compared to the vertical component of the 3C geophones; 
4. data produced by the two different sources used, hammer and plate vs explosive;  
5. common receiver gathers from the standard vertical geophones and from each component of 
the 3C geophones produced by explosive source;  
6. stacked seismic profiles produced by the SC vertical geophones and 3C geophones with 
different seismic sources.  
This chapter will also include discussions of the results and attempt to interpret the information 
gathered. 
4.1. Hammer and Plate Source with Different Shot Directions  
The results presented in this section will cover the data recorded by each component of the 3C 
geophones, radial, transverse and vertical, as produced by different shot directions on the hammer 
and plate sources. As explained in Chapter 2, for each shot location 1001 to 1009, a seismic source was 
produced in four different directions on the shear source, away and towards (parallel to the geophone 
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spread), clockwise and anticlockwise (perpendicular to the geophone spread), and down, produced on 
a down plate source (figure 4.1).  
As one of the aims of this experiment is to 
compare the information received by each 
component of the 3C geophones and how this 
changes depending on the orientation of the 
hammer shot, the following data are 
presented as common shot gathers, ie: the 
seismic traces recorded by each singular 
geophone for one specific shot. At each shot 
location (shotpeg), shots were repeated five 
times, thus the shot gathers included in this 
section show the stacked result; ie: the 
average trace for that location. Geophones #1 
to #8 correspond to channels 49 to 72 (as 
outlined in table 4.1) and are located along the 
x-axis of each image with time in milliseconds down the y-axis (each snapshot shows approximately 
250 ms). The amplitude of each trace is relative and in shotpeg 1001 no filtering has been applied, 
whereas shotpeg 1008 has had automatic gain control (AGC) of 250 ms and a bandpass filter with 
corner frequencies of 5, 15, 180 and 200 Hz 
applied for better image clarity. Shotpegs 1001 
and 1008 were chosen as the examples to be 
displayed in this section, however they are 
representative of the entire set, as similar results 
were found for each shotpeg location.  
Figure 4.1.The 5 different shot orientations produced for the 
hammer and plate source. 
Vertical Radial Transverse
1 49 50 51
2 52 53 54
3 55 56 57
4 58 59 60
5 61 62 63
6 64 65 66
7 67 68 69
8 70 71 72
Channel # Component / 
Geophone #
Table 4.1. Channel number corresponding to each geophone 
and component.  
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4.1.1. Radial Component 
Figures 4.2 and 4.3 show the radial component traces recorded at shotpegs 1001 and 1008 for shot 
directions parallel to and perpendicular to the geophone spread, respectively. From the data, 
particularly visible in the geophone channel closest to the shot, it can be observed (at points A, B and 
C as labeled on the figures) that: 
A. There is a short packet of higher frequency energy at the onset of each trace which is highly 
variable and has no particular correlation with shot polarity. In shotpeg 1008, the anticlockwise 
version of this short packet presents as almost identical to the clockwise, however in the other 
data sets it is difficult to determine whether there are any polarity changes as the frequency 
and amplitude of the traces are irregular. 
B. The second part of the trace, in all sets, is lower in frequency and higher in amplitude than 
packet A. In both shotpegs 1001 and 1008, the polarity of the traces in the away shots are 
opposite to the polarity of the traces in the towards shots, whereas for the clockwise and 
anticlockwise shots the polarity appears to be the same. 
C. While initially in the higher amplitude part of the traces for the clockwise and anticlockwise 
shots, the polarity of the traces are the same (B above), as time passes the traces start to go 













Figure 4.2. The stacked radial component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the 
traces recorded for shots hit in opposite directions parallel to the geophone spread (denoted away and towards). Geophone 
channels are shown on the x-axis with time on the y-axis. Each snapshot represents approximately 250 ms. The SHOTID refers 

























Figure 4.3. The stacked radial component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the 
traces recorded for shots hit in opposite directions perpendicular to the geophone spread (denoted clockwise and 
anticlockwise). Geophone channels are shown on the x-axis with time on the y-axis. Each snapshot represents approximately 












4.1.2. Transverse Component 
Figures 4.4 and 4.5 show the transverse component traces recorded at shotpegs 1001 and 1008 for 
shot directions parallel to and perpendicular to the geophone spread, respectively. From the data it 
can be observed that: 
A. Similarly to the radial component, there is a short packet of higher frequency energy at the 
onset of each trace which is highly variable. Within this packet, any correspondence to polarity 
is difficult to determine, with the exception of the away/towards pair in shotpeg 1008 which 
present as almost identical. 
B. Again, as can be seen in the radial component, the second part of the trace in all sets is lower 
in frequency and higher in amplitude than packet A. In both shotpegs 1001 and 1008, the 
polarity of the traces in the clockwise shots are opposite to the anticlockwise shots, whereas 
for the away and towards shots the polarity is opposite for shotpeg 1001 and out by a quarter 
phase for shotpeg 1008. 










Figure 4.4. The stacked transverse component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the 
traces recorded for shots hit in opposite directions parallel to the geophone spread (denoted away and towards). Geophone 
channels are shown on the x-axis with time on the y-axis. Each snapshot represents approximately 250 ms. The SHOTID refers 






















Figure 4.5. The stacked transverse component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the traces 
recorded for shots hit in opposite directions perpendicular to the geophone spread (denoted clockwise and anticlockwise). Geophone 
channels are shown on the x-axis with time on the y-axis. Each snapshot represents approximately 250 ms. The SHOTID refers to the 
















4.1.3. Vertical Component 
Figures 4.6 and 4.7 show the vertical component traces recorded at shotpegs 1001 and 1008 for shot 
directions parallel to and perpendicular to the geophone spread, respectively. From the data it can be 
observed that: 
A. Again, there is a short packet of higher frequency energy at the onset of each trace which is 
highly variable and seems to have no correspondence to polarity in the unfiltered shots of 
shotpeg 1001. However, with the filtered shots (shotpeg 1008), it appears that the trace 
polarities are identical in both the away/towards and clockwise/anticlockwise pairs. 
B. The second section of the trace in all images is lower in frequency and higher in amplitude 
than the first section. In shotpeg 1001 the polarity of the traces in the towards shots are 
opposite to the away shots, however, for shotpeg 1008 these present as identical polarities 
rather than opposite. On the other hand, the clockwise/anticlockwise pairs for both shotpeg 
1001 and 1008 show traces with the same polarity. 
C. As time increases the traces tend to remain in phase or move only slightly out of phase. 
4.1.4. 3C Component Summary 
Polarity differences for trace packets A and B (as identified in the previous sections) for all three 
components on the towards/away and anticlockwise/clockwise shot pairs from shotpeg 1001 to 1009 
are recorded in table 4.2. Where polarities are identical within each pair (ie: in phase) they have been 
marked ‘IN’ and pairs with opposite polarities (ie: out of phase by half a wavelength) they have been 
marked ‘OUT’. Pairs with trace polarities somewhere between in phase and completely out of phase 
have been denoted “OUT ¼’, and pairs where polarity differences were too difficult to determine have 















Figure 4.6. The stacked vertical component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the traces 
recorded for shots hit in opposite directions parallel to the geophone spread (denoted away and towards). Geophone channels are 
shown on the x-axis with time on the y-axis. Each snapshot represents approximately 250 ms. The SHOTID refers to the file number 

























Figure 4.7. The stacked vertical component seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the 
traces recorded for shots hit in opposite directions perpendicular to the geophone spread (denoted clockwise and anticlockwise). 
Geophone channels are shown on the x-axis with time on the y-axis. Each snapshot represents approximately 250 ms. The SHOTID 















From the data recorded in table 4.2 several distinct polarity tendencies can be recognised: 
1. Packet A has a clear preference to be in phase (or indeterminate) across all component and 
trace pairs. 
2. Packet B in the radial component has a clear preference to be in phase for the 
clockwise/anticlockwise pairs and completely out of phase (or out by a quarter phase) in the 
towards/away pairs. 
3. Packet B in the transverse component has a clear preference to be completely out of phase in 
the clockwise/anticlockwise pair, whereas for the away/towards pair shows no particular 
preference. 
4. Packet B in the vertical component has a clear preference to be in phase for both of the 







Trace packet A B A B A B A B A B A B
1001 ? OUT ? OUT ? OUT ? IN ? OUT ? IN
1002 ? OUT 1/4 ? OUT 1/4 ? IN IN IN ? OUT IN IN
1003 IN OUT 1/4 IN OUT 1/4 ? IN IN IN IN OUT IN IN
1004 ? OUT 1/4 ? IN ? IN IN IN IN OUT IN IN
1005 ? OUT 1/4 OUT IN IN IN IN IN ? OUT IN IN
1006 IN OUT IN OUT 1/4 IN IN IN OUT 1/4 IN OUT IN IN
1007 ? OUT IN IN IN IN IN OUT 1/4 IN OUT IN IN
1008 ? OUT IN OUT 1/4 IN IN IN IN ? OUT IN IN
1009 ? ? OUT IN IN IN ? OUT 1/4 ? OUT IN IN
Tendency: ? OUT (1/4?) ? ? IN IN IN IN IN? OUT IN IN












Table 4.2. Trace polarities recorded for opposite direction shot pairs (away/towards and clockwise/anticlockwise) for shot locations 
1001 to 1009. IN and OUT refer to shot pairs in phase and shot pairs completely out of phase, respectively. OUT ¼ denotes shot pairs 
that are not in phase, yet not completely out of phase, and ? indicates shot pair polarities that were unable to be determined.  
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4.1.5. Down Shots 
Shots produced on the down plate could only be produced in one direction (ie: down) so there is no 
opposite shot direction to compare with, however it is possible to compare the seismic traces 
produced from the downwards shots across all three of the 3C components, as illustrated in figure 4.8. 
In this case it can be observed that: 
A. The same short packet of higher frequency energy at the onset of the trace that exists in the 
geophone channel closest to the shots produced by the shear source also appears in all of the 
down shots. Notably, in shot 1008, the onset of this packet occurs in the vertical component 
earlier than that of the radial and transverse. 
B. After the initial packet (A) the traces tend to be lower in frequency and higher in amplitude, 
however it is difficult to determine whether the traces change in polarity depending on the 













Figure 4.8. The stacked seismic traces recorded for shots 1001 (above) and 1008 (below), comparing the traces recorded for the three 
different components (radial, transverse and vertical) for shots hit vertically downwards on a down plate. Geophone channels are shown 
on the x-axis with time on the y-axis. Each snapshot represents approximately 200 ms. The SHOTID refers to the file number of each set 


















From the data it is apparent that there is a tendency for opposite shots parallel to the vibration 
direction of the 3C geophone component (ie: away/towards shots on the radial component and 
clockwise/anticlockwise shots on the transverse component) to have opposing polarities with 
opposing shot directions. Shots perpendicular to the vibration direction of the 3C geophones (ie: 
away/towards on the transverse component and clockwise/anticlockwise on the radial) do not tend to 
create opposing polarities in their corresponding seismic traces, and all horizontal shots recorded by 
the vertical component tend to be in phase throughout all trace pairs. This information would suggest 
that the geometry and orientation of the shot direction relative to the vibration direction of the 
geophone component plays an important role in the way seismic information is produced and 
received.   
It should also be noted that the opposing polarities are only consistent in the second part of the trace 
(packet B) and not in the first initial higher frequency packet A (as observed in the channels closest to 
the shot location), however interpreting this proves slightly more difficult. It is likely that the initial 
arrival on the traces is the P-wave arrival, as P-waves are the fastest travelling seismic wave and are 
generally of higher frequency than S-waves or surface waves (Nanda, 2016). This means that the 
second, lower frequency, section of the seismic traces belong to either S-wave or surface wave arrivals 
(or a combination of both). Thus, the data would suggest that the horizontal orientation of shots on 
the shear source has far less impact on the trace polarity of P-waves than it does for either shear or 
surface waves, and in fact it is expected that a 180 degree rotation of the shear source would produce 
opposing polarity traces in shear waves but not in P-waves (eg: Hasbrouck, 1991; Jolly, 1956). These 
results correlate to the shear source theory as mentioned in the previous chapter, where shots in a 
horizontal direction should produce minimal P-waves in a downwards path, leading to minimal P-
waves propagating to any of the geophones. From these results, particularly those as recorded by the 
vertical component, it is clear that the shear source does indeed produce P-waves, likely by direct 
arrival rather than reflection. However, the orientation of the shots clearly has a limited effect on the 
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particle vibration of the P-waves, as seen by the lack of any correlation from shot direction to the 
polarity of the P-wave traces. The slight variations in phase in records where opposite polarities are 
expected may be explained by factors such as the near-surface soil conditions, source to earth 
coupling, shot timing and striking variations as these are known to cause amplitude and phase 
differences in the shot record in some cases (Tatham & McCormack, 1991). 
Another point of interest is that for shotpeg 1008 the first arrival of seismic energy is earlier in the 
vertical component compared to the radial and transverse components for the downwards shots. This 
would suggest that, at least for some of the shot locations, P-wave arrivals may not be detected in all 
of the horizontal component records. This will be examined further in the next section. 
4.2. Hammer and Plate First Arrival Velocities on the 3C Geophones 
This section will present the first arrival velocities as recorded by each of the different components, 
radial, transverse and vertical, of the 3C geophones during the hammer and plate survey. Velocities 
were measured in Claritas by adding geometry to the data file (see Chapter 3 for more details) and by 
using the ruler function in Claritas to calculate the slope of the line which is best fit to the seismic wave 
first arrivals as the distance between geophones divided by time. 
4.2.1. Measured Velocities 
Figures 4.9 to 4.13 show the best fit line (in red) which was used to calculate the velocity of the first 
arriving seismic wave for all orientation shots at shotpeg location 1009. A list of all measured first 
arrival velocities is provided in table 4.3. For some of the shots, such as those at shotpegs 1001 and 
1002 (see figure 4.14) it was particularly difficult to determine a best fit line due to the noisy nature of 
the data recorded in those locations. On the other hand, for certain shots performed at locations near 
the centre of the geophone spread (notably shotpeg 1006) it was possible to determine two best fit 
lines, as illustrated in figure 4.15. 
From the data displayed in table 4.3 it can be seen that there are a large range of velocities recorded 
for each component, with the radial component spanning from 339 to 1588 ms-1, the transverse from 
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367 to 1148 ms-1 and the vertical from 959 to 2299 ms-1. However, when viewed across individual shot 
locations and orientations (such as in figures 4.9 to 4.13), there appears to be a clear trend towards 
faster first arrival velocities, by a factor of two or more in the majority of cases, recorded in the vertical 
component geophones compared to the horizontal components. This is emphasised by the graphed 
first arrival velocities in figure 4.16. Both radial and transverse first arrival velocities tend to be very 
similar, with average velocities only 100 ms-1 apart. Scatter plots of first arrival velocities recorded on 
the transverse and radial components at the same shot peg locations (figure 4.17) show a clear trend 
where higher velocities recorded on the radial component are also higher on the transverse 
component. However, there seems to be little correlation between increased velocities recorded on 
the horizontal components with those recorded by the vertical (figure 4.18). 
There also appears to be no distinct correlation between the velocity recorded by any of the 
components and the shot orientation, with the possible exception of shotpeg locations 1004, 1005 and 
1006, where the down shot provides a much faster first arrival velocity in the vertical component. At 
these shotpeg locations the first arrival velocities from all shot orientations, apart from the down shots, 
are below the average velocity recorded in the vertical component. 
At shotpeg 1006 where two first arrival velocities can be measured, there appears to be a trend within 
the limited data set where significantly faster velocities are recorded in the right-hand slope for both 




Figure 4.9. The stacked seismic traces recorded for shot 1009 showing the best fit line (denoted in red) and measured velocities of 
first arrivals in all 3C geophone components, radial, transverse and vertical, for the away shot orientation. Geophone channels are 
shown on the x-axis with time on the y-axis in milliseconds. The SHOTID refers to the file number of each set of stacked shots. AGC 











Figure 4.10. The stacked seismic traces recorded for shot 1009 showing the best fit line (denoted in red) and measured velocities 
of first arrivals in all 3C geophone components, radial, transverse and vertical, for the towards shot orientation. Geophone 
channels are shown on the x-axis with time on the y-axis in milliseconds. The SHOTID refers to the file number of each set of 










Figure 4.11. The stacked seismic traces recorded for shot 1009 showing the best fit line (denoted in red) and measured velocities 
of first arrivals in all 3C geophone components, radial, transverse and vertical, for the clockwise shot orientation. Geophone 
channels are shown on the x-axis with time on the y-axis in milliseconds. The SHOTID refers to the file number of each set of 











Figure 4.12. The stacked seismic traces recorded for shot 1009 showing the best fit line (denoted in red) and measured velocities 
of first arrivals in all 3C geophone components, radial, transverse and vertical, for the anticlockwise shot orientation. Geophone 
channels are shown on the x-axis with time on the y-axis in milliseconds. The SHOTID refers to the file number of each set of 










Figure 4.13. The stacked seismic traces recorded for shot 1009 showing the best fit line (denoted in red) and measured velocities 
of first arrivals in all 3C geophone components, radial, transverse and vertical, for the down shot orientation. Geophone channels 
are shown on the x-axis with time on the y-axis in milliseconds. The SHOTID refers to the file number of each set of stacked shots. 





















1003 Clockwise 469 560 1407
1003 Anticlockwise 482 498 1553
1003 Away 339 428 2027
1003 Toward 466 463 1378
1003 Down 1532 1038 1508
1004 Clockwise 1223 855 1264
1004 Anticlockwise 1213 956 1333
1004 Away 1240 889 1365
1004 Toward 1406 972 1421
1004 Down 1588 996 2083
1005 Clockwise 1186 940 1596
1005 Anticlockwise 1106 1148 1381
1005 Away 576 539 1215
1005 Toward 609 606 1203
1005 Down 400               1519 465               648 1743               1817
1006 Clockwise 422               1068 402               848 1647               1146
1006 Anticlockwise 756               1135 418               933 2211               1230
1006 Away 494               865 434               907 1990               1120
1006 Toward 363               1030 465               836 2211                 959
1006 Down 471                1104 565             1030 2299               1719
1007 Clockwise 468 570 1593
1007 Anticlockwise 620 439 1629
1007 Away 618 549 1786
1007 Toward 425 367 1632
1007 Down 535 570 1696
1008 Clockwise 548 459 1888
1008 Anticlockwise 597 602 1680
1008 Away 625 671 1745
1008 Toward 574 575 1911
1008 Down 649 658 1791
1009 Clockwise 856 740 1699
1009 Anticlockwise 747 619 1809
1009 Away 601 657 1596
1009 Toward 638 675 1910
1009 Down 656 813 1907
Average: 786 ms-1 678 ms-1 1630 ms-1
Velocity (ms-1)
Table 4.3. Stacked first arrival velocities measured for all components (radial, transverse and vertical) of the 3C geophones, 
at all shotpeg locations (1001 to 1009) and all hammer and plate shot orientations. Velocities in the right-hand side of the 
column indicate velocities measured from a best fit line sloping towards the right and velocities in the left-hand side measured 












Figure 4.15. Stacked shot record for shotpeg 1006, 
produced by down orientation shots and recorded by 
the radial component of the 3C geophones. An 
example of a trace record where it was possible to 
determine two best fit lines (denoted in red) for first 
arrival velocities. Geophone channels are shown on 
the x-axis with time on the y-axis in milliseconds. The 
SHOTID refers to the file number of each set of 
stacked shots. AGC (250 ms) and a bandpass filter 
with corner frequencies of 5, 15, 180 and 200 Hz has 
been applied.   
Figure 4.14. Stacked shot record for shotpeg 1002, 
produced by down orientation shots and recorded by 
the radial component of the 3C geophones. An 
example of a noisy trace record where it proved too 
difficult to determine an accurate best fit line for first 
arrival velocities. Geophone channels are shown on 
the x-axis with time on the y-axis in milliseconds. The 
SHOTID refers to the file number of each set of stacked 
shots. AGC (250 ms) and a bandpass filter with corner 
frequencies of 5, 15, 180 and 200 Hz has been applied.. 
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Figure 4.16. First arrival velocities measured from the vertical, transverse and radial components of the 3C geophones (as 
displayed in table 4.3).  
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Figure 4.17. First arrival velocities measured from the radial component compared to those 
measured on the transverse component geophone. The graph shows that higher (or lower) velocities 









































































































































































































































As the majority of first arrival velocities measured for each shotpeg location and shot orientation set 
are recorded as faster in the vertical component geophones than in the radial or transverse, it would 
seem to be possible that the horizontal component geophones are not always detecting the P-wave 
arrival. This has the implication that the first arrivals detected on the radial and transverse geophones 
are potentially shear wave or surface wave arrivals, or a combination of the two. However, it would 
require further investigation to confirm this, particularly as there are such a wide range of velocities 
measured, and while the vertical component geophone has shown faster velocity arrivals for most 
cases, it is not true for all of the data sets. It would be worth determining whether or not the horizontal 
component geophones are registering P-wave arrivals at some of the shot locations and not at others, 
or if the first arrivals registered on the vertical component geophones at these locations are slower 
than expected (for some geological, technical or data processing reason). 
Another interesting feature highlighted by table 4.3 is that around shotpeg 1006, in images where two 
velocities can be measured, there appears to be a trend for faster velocity arrivals in the right-hand 
slope of the transverse and radial components, whereas the left-hand slope is faster for the vertical 
component arrivals. As this data set is exceptionally limited, where only six shot gathers for each 
component showing two distinct enough first arrival slopes to be measured, and with slopes being 
measured with only four traces on each side, it is particularly difficult to say whether or not this is a 
true trend or a coincidence resulting from the limitations of the data set and the difficulties of 
measuring an accurate velocity with so few traces. However, if the results from shotpeg 1006 are an 
accurate depiction of the true velocities found at this location, it could have some especially interesting 
connotations. For example, if the radial and transverse components were indeed registering only the 
S-wave arrival and not the P-wave arrival it would have the implication that at shotpeg 1006 the shear 
waves travelling to the geographical southeast are slower than those travelling to the northwest, 
whereas the P-waves traveling to the northwest are slower than those travelling to the southeast. 
Shotpeg 1006 is in the unique position where, as we believe it to lie somewhat directly above the 
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surface trace of the Alpine fault, seismic waves travelling to the SE will only travel through the Pacific 
plate side of the fault and seismic waves travelling to the NW will predominantly travel through the 
Australian plate side (see figure 4.19). In this case we can reasonably expect the P-waves travelling to 
the SE to be faster than those travelling to the NW as the geology is uplifted and consolidated 
mudstones along with the schist basement are found to be much closer to the surface on the Pacific 
plate side of the Alpine fault than the Australian plate side.  
On the other hand, interpreting the apparent opposite trend for shear waves proves far more difficult. 
There are various factors that can cause velocity changes in shear waves, such as lithology, porosity 
and CPOs. In this case, the primary lithology the shear waves would be travelling though is fluvial sand 
and gravel deposits and potentially the underlying mudstone. If the S-waves were travelling through 
the seismically faster mudstone on the SE and only the gravels to the NW, then we would likely expect 
to see the same velocity trend as with the P-waves, which does not seem to occur. Alternatively, the 
porosity of a medium, or rather the size of the particles within the medium, can have a significant 
effect on shear wave velocity. For example, gravels and larger particles have a faster S-wave velocity 
than unconsolidated sand or clayey silt (Hussien & Karray, 2016), which could suggest that the average 
particle size of the gravels on the SE side of the fault are significantly smaller than those on the NW 
Figure 4.19. A graphical representation of the possible seismic waves travelling from shotpeg 1006 (located between 
geophones 5 and 6) through a cross section of the geology divided by the Alpine fault. Image adapted from Lepine (2016) 
with lithological and approximate depth data taken from Lepine (2016), Sircombe & Kamp (1998) and Sutherland et al. (2015). 
Image not to scale. 
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side. Yet, a uniform change in particle size across the fault is unlikely to be expected as the gravel and 
fluvial sand of the uppermost Holocene – Pleistocene layer were deposited at the same time 
throughout the entire valley (Sircombe & Kamp, 1998).  
In some media shear waves can be slowed down due to the crystallographic preferred orientations of 
minerals or preferred fracture orientations where seismic anisotropy and shear wave splitting can 
occur (Babuska & Cara, 1991). However, as the shear waves would be travelling predominantly through 
gravels it seems improbable that shear wave splitting would arise, unless there is a significant 
alignment of pebbles within the conglomerate. It may also be possible that the fracture density or 
orientation in the damage zone of the Alpine Fault at this location could have some effect upon the 
shear wave propagation, but anything hypothesized here would only be wild speculation. Insufficient 
data make any conjectures difficult to substantiate, but if further work were able to be carried out in 
the Whataroa Valley it would be worth employing a significantly longer spread of 3C geophones at 
multiple locations perpendicular to the fault line to determine whether or not this trend is real and/or 
repeatable at different localities. 
A major factor causing limitations to this study is that only eight 3C geophones were used. If more 
geophones were used there would be more traces to fit the best fit line of velocity, which may be able 
to provide more consistent velocity measurements rather than the large range determined in this case. 
As the geophone spread was specifically placed over the location where we believe the Alpine Fault to 
be, with uplifted mudstone and basement schist on the eastern side and bedded river gravels overlying 
mudstone on the west, it is therefore quite possible that these contrasting lithologies have also played 
a role in the large range of velocities measured. 
A second limitation to this particular data set is the possible human error involved in drawing a best fit 
line. As the line of best fit is determined by eye, with such few channels to connect the line across, it 
can be difficult to know how accurate the measurement is, which could also be a factor in the large 
range of velocities recorded. 
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4.3. Single Component Vertical Geophones vs 3C Vertical Geophones 
As 3C geophones 1 through 8 were placed next to single component (SC) vertical geophones 19043 to 
19050, it is possible to make a direct comparison between the information received by each type 
during the hammer and plate survey. While the setup and analogue cabling of each geophone array 
(as outlined in Chapter 2) are quite different, they both undergo analogue to digital conversion using 
the same Geode system. The primary difference between the two geophones is that the 3C resonate 
at 4 Hz while the SC are an older variety of geophone that resonate at 14 Hz. The aim of comparing the 
two is to understand whether or not the different bandwidths of frequency sensitivity will be 
noticeably different in the data. 
4.3.1. Results 
Figures 4.20 to 4.24 show an example of the traces recorded by both vertical geophones for all shot 
orientations at shotpeg 1009 and from these figures it can be seen that: 
A. There is a packet of higher frequency energy at the onset of each trace, particularly visible in 
the geophone closest to the shot location. Generally, it appears throughout that this signal is 
recorded marginally earlier (by several milliseconds) in the 3C vertical geophones. While the 
signature of the traces in this packet presents differently in each geophone type, there also 
does not appear to be any consistent difference in polarity across the shots.  
B. After the initial packet (A) the traces tend to have a lower frequency and higher amplitude 
than A, where they show a distinct tendency to be out of line by approximately half of a phase. 
C. The trace signatures on the whole appear to be quite similar, remarkably so in the 







Figure 4.20. The stacked seismic traces recorded for shot 1009, clockwise shot orientation, in both the vertical component of 
the 3C geophones and the single component (SC) vertical geophones.  The red line indicates the best fit line used to measure 
the first arrival velocities in the SC geophones as presented in table 4.4. Geophone channels are shown on the x-axis with time 
on the y-axis in milliseconds. 3C geophones 1 through 8 correspond to channels 49 to 70 while SC geophones 19043 through 
19050 correspond to channels 19 to 26. The SHOTID refers to the file number of each set of stacked shots. AGC (250 ms) and 














Figure 4.21. The stacked seismic traces recorded for shot 1009, anticlockwise shot orientation, in both the vertical component 
of the 3C geophones and the single component (SC) vertical geophones.  The red line indicates the best fit line used to measure 
the first arrival velocities in the SC geophones as presented in table 4.4. Geophone channels are shown on the x-axis with time 
on the y-axis in milliseconds. 3C geophones 1 through 8 correspond to channels 49 to 70 while SC geophones 19043 through 
19050 correspond to channels 19 to 26. The SHOTID refers to the file number of each set of stacked shots. AGC (250 ms) and 


















Figure 4.22. The stacked seismic traces recorded for shot 1009, away shot orientation, in both the vertical component of the 
3C geophones and the single component (SC) vertical geophones.  The red line indicates the best fit line used to measure the 
first arrival velocities in the SC geophones as presented in table 4.4. Geophone channels are shown on the x-axis with time on 
the y-axis in milliseconds. 3C geophones 1 through 8 correspond to channels 49 to 70 while SC geophones 19043 through 
19050 correspond to channels 19 to 26. The SHOTID refers to the file number of each set of stacked shots. AGC (250 ms) and 
















Figure 4.23. The stacked seismic traces recorded for shot 1009, towards shot orientation, in both the vertical component of 
the 3C geophones and the single component (SC) vertical geophones.  The red line indicates the best fit line used to measure 
the first arrival velocities in the SC geophones as presented in table 4.4. Geophone channels are shown on the x-axis with time 
on the y-axis in milliseconds. 3C geophones 1 through 8 correspond to channels 49 to 70 while SC geophones 19043 through 
19050 correspond to channels 19 to 26. The SHOTID refers to the file number of each set of stacked shots. AGC (250 ms) and 
















Figure 4.24. The stacked seismic traces recorded for shot 1009, down shot orientation, in both the vertical component of the 
3C geophones and the single component (SC) vertical geophones.  The red line indicates the best fit line used to measure the 
first arrival velocities in the SC geophones as presented in table 4.4. Geophone channels are shown on the x-axis with time on 
the y-axis in milliseconds. 3C geophones 1 through 8 correspond to channels 49 to 70 while SC geophones 19043 through 
19050 correspond to channels 19 to 26. The SHOTID refers to the file number of each set of stacked shots. AGC (250 ms) and 











Table 4.4 records all of the first arrival velocities measured for both 3C and SC vertical geophones. 
While the measured velocities show a variation of up to 600 ms-1 between type of geophone at each 
shot location, the range of velocities, 959 to 2299 ms-1 for 3C and 801 to 2190 ms-1 for SC, and averages, 
1630 ms-1 for 3C and 1670 ms-1 for SC, are markedly similar. The trend for higher velocities on the left-
hand sloping best fit line at shot peg 6, as noted for the vertical component of the 3C geophones in the 
previous section, also occurs. A graph of the velocities displayed in table 4.4 (figure 4.25) indicates a 
correlation between the 3C vertical and SC vertical velocities recorded, where higher (or lower) 
velocities in one correspond to higher (or lower) velocities in the other. 
When examining the frequency spectrum recorded by both types of vertical geophone, it can be seen 
that while the spectra are fairly similar throughout in the higher frequencies (particularly in the range 
of 150 – 500 Hz), the 3C geophones tend to show higher amplitudes of very low frequencies compared 
to the SC geophones, such as illustrated in figure 4.26. There is also some tendency for the SC 
geophones to register minimal amplitudes of frequencies above 500 Hz, however this is not true for 
the entire data set.  
Figure 4.25. First arrival velocities measured from the 3C vertical component compared to those 
measured on the SC vertical geophones. The graph shows that higher (or lower) velocities in one  




















3C vs SC Velocities
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1002 Anticlockwise 1325 1835
1002 Away 1755 1746
1002 Toward 1475 2072
1002 Down 1708 1686
1003 Clockwise 1407 1729
1003 Anticlockwise 1553 1645
1003 Away 2027 1517
1003 Toward 1378 1820
1003 Down 1508 1955
1004 Clockwise 1264 1434
1004 Anticlockwise 1333 1421
1004 Away 1365 1407
1004 Toward 1421 1582
1004 Down 2083 1668
1005 Clockwise 1596 1325
1005 Anticlockwise 1381 1436
1005 Away 1215 1341
1005 Toward 1203 1214
1005 Down 1743               1817 1873                1375
1006 Clockwise 1647               1146 1948                 801
1006 Anticlockwise 2211               1230 2190                 932
1006 Away 1990               1120 1902               1025
1006 Toward 2211                 959 1035
1006 Down 2299               1719 2029                 963
1007 Clockwise 1593 1837
1007 Anticlockwise 1629 1976
1007 Away 1786 2049
1007 Toward 1632 1813
1007 Down 1696 2049
1008 Clockwise 1888 1813
1008 Anticlockwise 1680 1938
1008 Away 1745 1915
1008 Toward 1911 1964
1008 Down 1791 1893
1009 Clockwise 1699 1836
1009 Anticlockwise 1809 1771
1009 Away 1596 1848
1009 Toward 1910 1790
1009 Down 1907 1932




Table 4.4. Stacked first arrival velocities measured for the 3C vertical and SC vertical geophones at all shotpeg locations (1001 to 1009) and 
all hammer and plate shot orientations. Velocities in the right-hand side of the column indicate velocities measured from a best fit line sloping 
towards the right and velocities in the left-hand side measured from a line sloping to the left (see figure 4.15). Blank fields indicate where 



























































































































































While the 4 Hz 3C geophones have been constructed with newer technology that allows for a broader 
detection of frequencies than the 14 Hz SC geophones, as reflected in the frequency spectra of the 
hammer shots, in this case there appears to be little significant difference in the seismic traces. The 
signatures of the traces along with the measured first arrival velocities seem to be relatively similar, 
with the only consistent noteworthy variance being that in the geophone closest to the shot location 
the initial energy packet arrived marginally earlier in the 3C geophones than the SC geophones. It may 
be possible that initial onset of P-wave energy is too high in frequency for the SC geophones to detect, 
and is thus only visible in the traces of the 3C geophones. 
Another interesting point about this data set is that it correlates nicely with the different P-wave 
velocities found at shotpeg 1006 in the 3C geophone data. This would seem to provide further evidence 
towards the P-wave velocity disparities on either side of the fault, likely due to the uplifted basement 
on the southeastern side. 
4.4. Hammer and Plate Source vs Explosive Source 
For both hammer and plate and explosive surveys, the two lines of geophones, 3-component (3C) and 
single component (SC), remained in the same position so that comparisons could be drawn between 
the different types of sources. This section will display and discuss the traces produced by explosions 
at similar locations to the hammer and plate shots and assess the frequency spectra produced by the 
two different types of source. 
4.4.1. Results 
Figure 4.27 illustrates a typical example of the seismic traces recorded on the 3C geophones during the 
explosive source survey. The traces tend to be relatively in phase across all three components at each 
shot location and show little variation in first arrival velocities across each of the components, as shown 
in table 4.5. The explosive traces also appear to be of much lower frequency, and when the frequency 
spectra are examined it can be seen that, while the shots produced by explosion show a general 
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increase in power at all frequencies, they consistently peak at a lower frequency compared to their 
hammer shot counterparts (figures 4.28 and 4.29).  
An interesting point to note is that on all of the explosion trace records (such as seen in figure 4.23), 
there exists a secondary set of seismic events around 1000 ms on the channel closest to the shot 
location which does not appear in any of the 3C or SC geophone hammer and plate source trace 
records. In some cases, similar seismic events appear multiple times throughout the explosive source 
records. 
  
Figure 4.27. The seismic traces recorded for explosive shot 9042, comparable to hammer shot location 1001, for all 3C 
geophone components, radial, transverse and vertical. Geophone channels are shown on the x-axis, where in this case each 
channel is the same as the geophone number, with time on the y-axis in milliseconds. The SHOTID refers to the file number of 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































From these results it is clear that there are several important distinctions that can be made between 
the two different seismic sources: 
1. As can be expected, the explosions produce much more powerful seismic energy than the 
hammer and plate. This has the implication that an explosive source would be able to produce 
seismic waves that reach greater depths than the hammer and plate source. 
2. The hammer and plate source produces seismic waves that peak at higher frequencies than 
the explosive source. Thus, as a higher frequency results in a smaller wavelength, the hammer 
and plate has the potential to provide higher resolution data than the explosive source. 
3. The explosive source does not show a difference in first arrival velocities across the three 
different components, suggesting that either the explosive source does not produce significant 
shear waves (which seems unlikely) or that the orientation of the P-waves produced by the 
explosions is more easily detected by the horizontal components of the geophones than those 
of the hammer and plate source. While the velocities measured from explosive source shot 
gathers of the horizontal components were still predominantly slower than those of the 
vertical by around 100 ms-1, S-waves are generally at least two times slower than P-waves. 
Therefore, it seems doubtful that these arrivals are indicative of the S-wave arrival and may 
more likely be measured as slower due to the same limitations of the survey and data 
processing as mentioned in section 4.2.2. 
4. There exists a secondary seismic event in all of the explosive source data that does not occur 
in any of the hammer and plate sets. As this event also only seems to occur in the trace of the 
geophone closest to the shot location, it is quite probable that this event is due to the falling 
debris of the explosions. Rocks of a substantial size (up to 30 by 30 cm) were observed being 
blown some several 10s of metres into the air during the survey. 
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4.5. A Comparison of Common Receiver Gathers from the Explosive Source 
As there were a large number of shots produced in the explosive source survey, another way to look 
at the data is by a common receiver gather (CRG). Rather than a spread of the traces recorded by each 
geophone for a particular shot, as have been used so far, a CRG shows each trace recorded by the same 
geophone for all of the shots in the survey. It is particularly useful to look at for this data set as there 
were 42 shots but only eight 3C geophones, so by viewing the data as a CRG it is possible to see more 
traces in one gather. This section will provide some examples of the CRGs produced, the first arrival 
velocities as measured on the CRGs and a discussion of the results. 
4.5.1. CRGs and Velocities 
Figures 4.30 to 4.32 show the common receiver gathers produced for 3C geophone 4 in the radial, 
transverse and vertical components, respectively. Each data set has had AGC (automatic gain control) 
of 250 ms and a bandpass filter with corner frequencies of 5, 15, 180 and 200 Hz applied. The x-axis 
indicates the shotpeg number of each trace, reading geographically northwest to southeast from shot 
9106 to 9024, and time in milliseconds on the y-axis. Figure 4.33 illustrates the CRG produced for the 
single vertical component geophone 19046 which was placed in the same location as 3C geophone 4. 
There are fewer shots that can be gathered for the SC geophones as not all of the geophones were in 
use throughout the entire survey due to the 72 channel limitation (see chapter 2 for more details), 
however the data available are still comparable despite the smaller number of traces.  
Overall, each of the CRGs look similar and there appears to be no significant difference between the 
components. Each CRG shows a distinctive trend for three different gradients of first arrivals, denoted 
(i), (ii) and (iii) on the images. Red lines on the CRG figures indicate the best fit lines used to measure 
first arrival velocities, and a catalogue of the measurements can be found in table 4.6. It can be clearly 
seen from this table that the velocities measured for each slope section (i), (ii) and (iii) are similar across 
the different components, with averages of (i) 2823, 2842, 2807 and 2931 ms-1, (ii) 1341, 1433, 1613 
and 1444 ms-1 and (iii) 2209, 2156, 2119 and 2112 ms-1 for the radial, transverse, 3C vertical and SC 
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vertical components respectively. While there is some range in the velocity data collected, for slopes 
(i) and (iii) this range is only around 300 ms-1 on average whereas for slope (ii) the range is much higher 
across the components, up to 1000 ms-1. 
 
  
Figure 4.30. The common receiver gather recorded for all explosive shots on the radial component of geophone 
#4. Red lines labelled (i), (ii) and (iii) indicate the best fit lines used to measure the three distinct first arrival 
velocity slopes. Shotpeg numbers are shown on the x-axis with time on the y-axis in milliseconds. AGC (250 ms) 




















Figure 4.31. The common receiver gather recorded for all explosive shots on the transverse component of 
geophone #4. Red lines labelled (i), (ii) and (iii) indicate the best fit lines used to measure the three distinct first 
arrival velocity slopes. Shotpeg numbers are shown on the x-axis with time on the y-axis in milliseconds. AGC (250 




















Figure 4.32. The common receiver gather recorded for all explosive shots on the 3C vertical component of geophone 
#4. Red lines labelled (i), (ii) and (iii) indicate the best fit lines used to measure the three distinct first arrival velocity 
slopes. Shotpeg numbers are shown on the x-axis with time on the y-axis in milliseconds. AGC (250 ms) and a 



















Figure 4.33. The common receiver gather recorded for all explosive shots on the SC 
vertical geophone #19046. Red lines labelled (i), (ii) and (iii) indicate the best fit lines 
used to measure the three distinct first arrival velocity slopes. Shotpeg numbers are 
shown on the x-axis with time on the y-axis in milliseconds. AGC (250 ms) and a 




















































































































































































































































































































































































































































































































































































































































































































































































































Another point to note about the CRGs is that from around shots 9064 and upwards the traces become 
quite noisy, particularly in the radial and transverse. For the 3C vertical component, there is a little less 
noise and the first arrival slope (i) is much more distinct than for the two horizontal components. While 
the SC vertical component does not reach past shotpeg 9064, there is still some low frequency, high 
amplitude noise at the very top of the CRG which doesn’t occur with the 3C geophones. 
4.5.2. Discussion 
As the velocities measured on all of the components are similar for each of the three first arrival slopes, 
it is most likely that they are all measuring the same seismic wave arrival, ie: the P-wave. This is 
comparable to the results found in section 4.4, where each of the components did not register 
significantly different first arrival velocities for shots produced by explosion. 
On the other hand, the occurrence of the three different first arrival slopes (i), (ii) and (iii) have 
interesting geological implications. That slope (iii) is consistently faster than slope (ii) would appear to 
confirm the results and interpretation presented in section 4.2 (specifically figure 4.19) with regards 
to the faster P-wave velocities towards the southeast within the uplifted geology and the slower P-
wave velocities towards the northwest in the gravel and sands. It is likely that both slopes (ii) and (iii) 
are indicative of the direct P-wave arrival, however where slope (ii) bends into slope (i) is the result of 
the P-wave arrivals recorded from the more distant sources being refracted from a deeper impedance 
boundary (see Chapter 1, figure 1.11). Generally, the first arrival detected by a geophone is the direct 
wave arrival, however as the offset distance increases this arrival is often overtaken by a refracted 
wave arrival. This occurs at a particular crossover distance after which the first arrival will always be 
the refracted ray arrival (Kearey, 2002).  
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From previous seismic research, Davey (2010) recognizes three distinct boundaries above the argillite 
basement in the geology on the northeastern side of the Alpine fault in Whataroa Valley: 
A. An uppermost layer of Holocene – Pleistocene fluvial bedded sands and gravels with reported 
P-wave velocities to be around 1500 – 2000 ms-1;  
B. An underlying silt and mudstone layer dated to the Pliocene with P-wave velocities ranging 
from 2600 – 3000 ms-1. 
C. A second mudstone unit of Miocene age with consistent P-wave velocities of 3400 ms-1.  
The velocities measured for slope (i) fall well within the range of unit B, and those of slope (ii) sit close 
to the upper bounds of unit A. Thus, the results found here for the northeastern side of the fault can 
be reasonably interpreted as belonging to the units as described by Davey and as illustrated in figure 
4.19.  
On the right-hand side of the receiver gathers, geographically belonging to the Pacific plate hanging 
wall side of the fault, velocities from slope (iii) lie slightly above the recorded velocities of unit A, but 
well below those of unit B or the average 3000 ms-1 reported for P-waves in the Haast schist (Godfrey 
et al., 2000). As slope (iii) is expected to be a result of direct wave arrivals, it is unlikely to be a refraction 
from the boundary of unit B or the schist basement below and must belong to the fluvial sands and 
gravels of unit A. As the velocities reported by Davey belong to the northwestern side of the fault, it 
seems plausible that the velocities of unit A would be different on the southeastern side of the fault 
where the geology has been significantly uplifted, and higher velocities may be expected. 
Of the 3C components, the vertical component shows the clearest record of first arrivals whereas with 
the horizontal components there is considerable noise present on the left-hand side of the CRGs. This 
may suggest that the horizontal components are not detecting P-waves as proficiently as the vertical 
component of the geophones. On the other hand, the noise visible in the uppermost traces of the SC 
gathers is apparently a persistent (and mysterious) feature found in all land surveys performed with 
these particular geophones and their cable set-up (Gorman, Pers. Comm.).  
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4.6. Stacked Velocity Profiles 
For both of the explosive and hammer/plate source surveys, stacked velocity profiles were produced 
for each of the components: radial, transverse, 3C vertical and SC vertical. As all of the profiles 
generated provide highly varying results depending on the source and/or component in use, this 
section will outline and compare the different aspects of each profile and attempt to interpret the 
information gathered. 
4.6.1. Explosive Source, SC Vertical Stack 
The single component geophone stack constructed from the explosive source data is by far the most 
comprehensive stack of the set as it utilizes all 42 explosive shots along with a string of 48 geophones 
(see chapter 2 for more details). The resultant stack is shown in figure 4.34 where the brighter, darker 
colours, black and red, indicate higher negative and positive amplitudes (respectively) and the lighter 
colours grading from dark grey to orange indicate the gradation from negative intermediate to zero to 
positive intermediate amplitudes. As the velocity profile is constructed by stacking CDP (common 
depth point) gathers, the CDP number is found on the x-axis and time in milliseconds on the y-axis. 
Figure 4.35 highlights prominent features of the velocity stack, where the most distinct, continuously 
high amplitude structures have been labelled (as A, B, C) and locations where these distinct high 
amplitude structures are offset or suddenly disappear have been highlighted by line drawings. Arrows 
identify the direction of any offset where possible. 
The main points to note about the SC vertical component velocity stack is that there are three major 
continuous high amplitude features, A to the geographic northwest, at approximately 100 – 110 ms, 
with B and C, at about 50 and 150 ms respectively, to the southeast. B shows a clear offset to A by 
approximately 50 ms, while C abruptly discontinues at the same line of offset. B and C themselves are 
offset a number of times on a smaller scale, however the line of offset that separates B and C from A 







































































































































































































































































































































































































































































































































































































































4.6.2. Explosive Source, 3C Geophones 
The stacked profiles for the 3C geophone components include all 42 explosive shots but show a less 
complete profile than the SC stack as only eight 3C geophones were able to be used in this survey. 
Figures 4.36 to 4.41 display the stacked velocity profiles and annotated stacks for the vertical, radial 
and transverse components of the 3C geophones, respectively. 
All three components show the same distinct high amplitude features A, B and C that are apparent in 
the SC velocity stack, at 100, 50 and 150 ms respectively. These events are most prominent in the 
vertical component, whereas in the radial and transverse the high amplitude features and offsets are 
weaker and fewer structures can be identified. However, the major offset event separating A from B 
and C is visible in all three components. Another interesting feature that occurs in the velocity stack of 
the vertical 3C component and not in any of the others, including the SC vertical stack, can be found 
on the NW side of the image (labelled as D in figure 4.37) where there exists a stack of parallel, high 
amplitude, horizontal events that occur from approximately 150 to 500 ms. 
Across all of the 3C stacks it is also apparent that there is a consistent area of noisy or low amplitude 
signal from approximately 500 - 800 ms. Within this region, particularly in the vertical and radial 
components, a bright area of almost vertically dipping high amplitude features can be seen (labelled 






Figure 4.36. Stacked seismic velocity profile from the 3C vertical component geophones on the explosive source survey. 
Higher amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes by lighter colours (grey, 
yellow). CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to right. Time in 





Figure 4.37. Stacked seismic velocity profile from the 3C vertical component geophones on the explosive source survey with 
annotated points of interest. Higher amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes 
by lighter colours (grey, yellow). CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to 
right. Approximate locations of the 3C and SC geophones for comparison have been noted above the CDPs. Time in 




Figure 4.38. Stacked seismic velocity profile from the 3C radial component geophones on the explosive source survey. Higher 
amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes by lighter colours (grey, yellow). CDPs are 




Figure 4.39. Stacked seismic velocity profile from the 3C radial component geophones on the explosive source survey with 
annotated points of interest. Higher amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes 
by lighter colours (grey, yellow). CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left 
to right. Approximate locations of the 3C and SC geophones for comparison have been noted above the CDPs. Time in 




Figure 4.40. Stacked seismic velocity profile from the 3C transverse component geophones on the explosive source survey. 
Higher amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes by lighter colours (grey, yellow). 
CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to right. Time in milliseconds is found 




Figure 4.41. Stacked seismic velocity profile from the 3C transverse component geophones on the explosive source survey with 
annotated points of interest. Higher amplitudes are illustrated by darker brighter colours (red, black) and lower amplitudes by 
lighter colours (grey, yellow). CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to right. 
Approximate locations of the 3C and SC geophones for comparison have been noted above the CDPs. Time in milliseconds is found 
on the y-axis.  
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4.6.3. Hammer and Plate Source 
The hammer and plate survey employed a total of nine shot locations with a string of the eight 3C 
geophones. This survey was not intended to produce a comprehensive stacked velocity profile, 
nevertheless a stacked profile was produced for each of the components out of interest to see how 
the different components would compare to each other and if any of the features from the larger 
explosive source survey would still be visible in the shorter hammer and plate survey. 
Figure 4.42 shows the velocity profiles produced for each of the three components, with the radial 
stack created with traces from only the parallel hammer shots (ie: away and towards), the transverse 
with only perpendicular hammer shots (ie: clockwise and anticlockwise) and the vertical with only 
down shots. From these stacked profiles it is clear that only the radial component depicts any distinct, 
continuously high amplitude features, with one horizontal event spanning almost the entire section at 
approximately 40 – 50 ms. This same event may also be visible in the 3C vertical component, however 
the signal is not as robust as the radial and it is difficult to make this identification with any certainty. 
A stacked profile for the 3C vertical component geophone utilising the same orientation shots as used 
for the radial was produced to determine whether or not the high amplitude feature was a product of 
the radial component geophone with the stacked away/towards shots or the shot orientation only.  
Evidently, from figure 4.43, it can be seen that there is relatively very little difference between the two 
vertical stacks produced with different orientation shots.  
Figure 4.44 depicts two velocity stacks produced from the eight SC vertical geophones with locations 
corresponding to the eight 3C geophones, with both down and away/towards shot orientations. A 
weak, but fairly continuous medium – high amplitude event occurs at approximately 50 ms in both 
images. Interestingly, the strongest aspect of this feature presents in red, indicating an opposite 
polarity amplitude to the high amplitude feature in the radial (and possibly 3C vertical) component 


























































































































































































































































Figure 4.43. Stacked seismic velocity profiles produced from the 3C vertical component for the hammer and plate 
source survey, comparing stacks utilising only down shots and only away/towards shots. Higher amplitudes are 
illustrated by darker brighter colours (red, black) and lower amplitudes by lighter colours (grey, yellow). CDPs are 
indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to right. Approximate geophone 








Figure 4.44. Stacked seismic velocity profiles produced from the SC vertical component for the hammer and plate 
source survey, comparing stacks utilising only down shots and only away/towards shots. Higher amplitudes are 
illustrated by darker brighter colours (red, black) and lower amplitudes by lighter colours (grey, yellow). CDPs are 
indicated on the x-axis, where each CDP is 5 m apart and run NW to SE from left to right. Approximate geophone 
locations are indicated above CDPs, where SC geophones #19043 to 19050 correspond to 3C geophones #1 to 8. 









For comparison to the explosive source survey, an extract from the SC vertical velocity stack 
approximating to the same horizontal CDP locations as the hammer and plate source stacks is 
presented in figure 4.45 alongside the radial component hammer and plate stack. This comparison 
shows that the high amplitude event visible in the radial component occurs slightly earlier than the 
high amplitude event B as recognized in the SC profile, by approximately 20 ms. The offset separating 
events A from B and C that is distinct in the explosive source SC vertical stack is not immediately 
obvious in the radial component hammer stack (however in comparing the two images side by side it 
becomes easy to convince oneself that this offset is also visible in the radial stack). 
Figure 4.45. Stacked seismic velocity profiles comparing that produced from the hammer and plate source survey (radial 
component), and the explosive source (SC vertical). Higher amplitudes are illustrated by darker brighter colours (red, black) and 
lower amplitudes by lighter colours (grey, yellow). CDPs are indicated on the x-axis, where each CDP is 5 m apart and run NW to 
SE from left to right. Approximate geophone locations are indicated above CDPs, where SC geophones #19043 to 19050 












In the stacked seismic profiles produced by the explosive source surveys, the consistently high 
amplitude horizontal events labelled as A, B, and C (figures 4.35, 4.37, 4.39 and 4.41) are likely evident 
of the reflection of seismic waves at the impedance change between two different layers. This is 
typically a strong indication of a change in lithology, and when comparing the SC vertical profile (figure 
4.35) to the simple sketch of the geology expected to be found beneath the survey (figure 4.46), from 
previous seismic research such as Davey (2010) and Lepine (2016), and nearby boreholes including the 
Harihari-1 well and DFDP-2B, the images bear significant similarities. Figure 4.47 presents an annotated 
version of the SC vertical stacked profile, where the interpreted different lithological units have been 
traced with line drawings and differentiated with colour. The uppermost unit (yellow) which 
horizontally spans the entire profile, significantly thicker on the NW than the SE, is interpreted to be 
the Holocene – Pleistocene fluvial sand and gravel deposits. The next layer down in the figure, denoted 
in purple on the NW and green to the SE, is interpreted as the Pliocene mudstone, offset and uplifted 
on the SE by the Alpine Fault. To the SE there is a further unit (blue) interpreted to be the schist 
basement. On the northwestern side there does not appear to be a reflection from the basement unit, 
however, as the basement on this side has been found at depths of 2400 – 4000 m compared to the 
240 m depth of the schist basement to the SE, it is not entirely surprising that there is no obvious 
reflector from this unit.  
All of the units present appear to be offset by one major reverse fault with multiple adjacent fault 
branches. It is not clear from the seismic profile whether any of these faults reach all the way to the 
surface, however a number appear to come quite close. The layout of the geophone spread was 
designed so that 3C geophones 5, 6, 7 and 8 (SC geophones 19047, 19048, 19049 and 19050) were 
directly perpendicular to the surface trace of the Alpine Fault as trenched by Langridge, et al. (2018), 
although from the SC profile it would seem that the main fault would surface some 20 – 30 m north of 
geophone 19050. This would indicate that the surface fault trace we were working over potentially 
belongs to one of the smaller adjacent faults. However, whether this is a true disparity of distance or 
140 
a product of the data processing is unclear, but certainly the Alpine Fault is far more complex than the 
simple line drawing of a reverse fault as portrayed in figure 4.46. 
When it comes to the seismic profiles produced with the 3C geophones and the explosive source, the 
same major reflectors and prominent fault offsets from the SC profile are still evident, particularly in 
the vertical component. The 3C profiles are noticeably weaker and missing some of the less prominent 
Figure 4.47. An annotated version of the SC vertical seismic profile highlighting the interpreted different geological units in colour 
with line drawings indicating the unit boundaries and evident faulting. The blue star indicates the approximate location of the 
Alpine Fault surface trace as discovered by Langridge et al (2018). 
Figure 4.46. A simple graphical representation of the geology expected to be found at the location of the survey in 
Whataroa Valley, adapted from Lepine (2016) and Sircombe & Kamp (1998). 
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structures captured in the SC profile (due to the significantly shorter geophone spread), however they 
do display some features not found in the SC profile: 
I. Particularly in the 3C vertical profile (figure 4.37) there is a zone to the NW (labelled D) which 
presents as a stack of parallel, high amplitude, horizontal events. These structures seem to be 
evidence of multiple bedding layers within the Pliocene mudstone (indicated in purple in figure 
4.47), and in fact, as it was expected for this mudstone to include multiple layers and be 
interbedded with sand and silt, it is surprising that these impedance changes were not 
detected in the SC vertical profile (figure 4.35). While the SC and 3C vertical geophones are 
slightly different in their range of resonance frequencies, the major difference between the SC 
and 3C explosive surveys is the number of geophones utilised. Fewer 3C geophones mean that 
a number of the explosive shots would have a large offset from the geophones, whereas with 
the SC survey most of the shots have a near offset. With a smaller offset, despite having slower 
velocities than P-waves, the surface waves can arrive at a geophone before a reflected arrival 
due to the shorter distance, sometimes causing important reflection signals to become 
entangled in unwanted noise (Mussett & Khan, 2000). Thus, it seems possible that the reason 
these reflections are seen in the 3C survey and not the SC is due to the further offset distance. 
II. There is a series of high amplitude features at around 500 – 800 ms on the 3C vertical and 
radial components (figures 4.37 and 4.39) which on first glance may appear to be dipping beds, 
however it is unlikely that these are true geological structures for a number of reasons. Firstly, 
as the region below 500 ms is predominantly characterised by messy noise it seems 
unreasonable to expect this small bright spot to suddenly show clear reflections, particularly 
when the interbedded unit to the left, which presumably continues further down in the 
subsurface, has also lost signal clarity. Secondly, although this profile is displayed in time vs 
distance and presents the dipping structures at an exaggerated angle than they would be if 
converted to a depth vs distance profile (if they were true bedding layers), the geometric 
orientation of a ray path propagating from one of the explosive shots to reflect off the high 
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angle dipping bed and reach the limited eight geophone spread seems improbable. Thus, it 
must be concluded, despite the high amplitude signal, this bright spot is unlikely to be a true 
geological feature. 
While the 3C profiles produced by the explosive source all show some obvious detail, it is clear that 
the 3C vertical component contains the most distinct signals. From the trace analysis in the previous 
sections it was concluded that all three components were detecting the same P-wave arrivals, however 
with the obvious disparity in signal between the three profiles, it stands to reason that the radial and 
transverse components are less effective in capturing the P-wave signal than the vertical component.  
On the other hand, despite the limited combination of eight geophones with only nine shot locations, 
within the hammer and plate source stacked profiles produced, the radial geophone shows noticeably 
stronger signal than either the vertical or transverse components (figure 4.42).  When compared to 
the SC explosive source profile (figure 4.35), the prominent reflector visible in the hammer source 
radial profile occurs significantly earlier, by approximately 20 ms. However, it is possible that the radial 
component is registering an impedance boundary shallower in the subsurface than the SC profile, and 
hence the high amplitude event in the radial is not the same as event B identified in the SC. The radial 
component in the hammer survey may be able to detect different impedance boundaries to the SC 
vertical component from the explosive survey due to the possibility of detecting S-waves rather than 
P-waves, or by the higher frequency of the hammer and plate source than the explosive source. As 
shear waves generally have a smaller wavelength than P-waves it allows for higher vertical resolution 
(Dasios, 1999) leading to the detection of lithological layers that may be too thin for identification by 
P-waves. Similarly, a higher frequency source will also produce seismic waves of a shorter wavelength 
allowing higher resolution detection. 
If the horizontal components are indeed registering shear waves and not P-waves in the hammer and 
plate source survey (as discussed in the previous sections) it would have the implication that the 
slower, shorter wavelength S-waves can provide higher resolution images of the shallow subsurface. 
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Thus, the radial component geophones may be able to provide stronger signals in the case of smaller 
impedance changes which present as far weaker reflections in the vertical surveys. In any case, it is 
evident that when deploying a hammer and plate source survey, the combination of the radial 
component geophones with parallel orientation shots (ie: away and towards) are capable of producing 
significantly more detail than the combination of vertical component geophones with down oriented 
(P-wave producing) shots, at least for the very shallow subsurface and a single line geophone spread. 
However, the fact that the radial geophone paired with array-parallel shots produced stronger 
reflections than the transverse component paired with array-perpendicular shots seems counter-
intuitive. Horizontally polarized shear waves (SH-waves), theoretically detected by the transverse 
component paired with perpendicular shots on the shear source (as discussed in Chapter 2), should be 
easier to detect than vertically polarized shear waves (SV-waves), detected by the radial component 
with parallel shots, as they cannot be converted to P-waves at an impedance boundary as the SV-waves 
can. Thus, it appears strange that in this case the SV-waves have produced the strongest signals.  
For any future surveys it would be of great interest to execute a significantly longer hammer and plate 
shear source survey with greater numbers of horizontal component geophones. The results of a longer 
survey would be interesting to compare to the SC vertical explosive source profile, as it would be able 
to provide a more comprehensive idea of the level of detail able to be detected by the different 
geophone/shot orientation combination surveys. 
4.7. Conclusions 
Despite the obvious limitations of this survey, there are a number of significant observations that can 
be made with regards to the results produced by changing source types, shot orientations and 
geophone components. 
1. The geometry and orientation of hammer and plate source shot directions relative to the 
vibration direction of the geophone component plays an important role in the way seismic 
information is produced and received. The results from this experiment show that shots 
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produced in an orientation parallel to the 3C geophone components (ie: away/towards shots 
with the radial, and clockwise/anticlockwise with the transverse components) are able to 
produce opposite polarity seismic traces while having little effect on the vertical component 
or perpendicularly oriented shot/geophone combinations. 
2. First arrival velocities recorded in the radial and transverse components consistently show 
slower seismic wave arrivals than those recorded in the vertical components throughout the 
entire hammer and plate source survey. This has the potential implication that the horizontal 
component geophones are not registering P-wave arrivals with this source type. 
3. Despite the different resonance frequencies of the 3C and SC geophones, when compared, 
both vertical components produced remarkably similar seismic trace signatures and first 
arrival velocities in both the hammer/plate and explosive source surveys. This validates any 
comparisons made between the two different types of geophone. 
4. Compared to the hammer and plate source survey, the explosive survey consistently produced 
much higher amplitudes across all frequencies, however the hammer and plate source peaked 
at a higher frequency than the explosive source. This implies that the explosive source is more 
useful in investigating deeper into the subsurface whereas the hammer and plate source has 
the potential to provide higher resolution data at shallower levels. 
5. All 3C components in the explosive survey registered similar first arrival velocities suggesting 
that the horizontal component geophones were registering P-wave arrivals (unlike with the 
hammer and plate survey) and thus the explosions are not particularly useful as an S-wave 
source. 
6. Common receiver gathers produced for all of the 3C and SC components consistently show 
three distinguishable first arrival velocity trends, (i), (ii) and (iii), that are comparable to the 
seismic velocities of the Whataroa Valley geology as described by Davey (2010). 
7. The 42 shot explosive source survey with a string of 48-72 vertical SC geophones was able to 
produce a comprehensive stacked seismic profile where the Alpine Fault and offset lithologies 
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can be clearly identified. The image shows that the fault at this location has a significant 
reverse aspect and is reasonably complex.  
8. Stacked velocity profiles of the 42 shot explosive source survey produced with the eight 3C 
component geophones also depicts a relatively clear image of the geology offset by the Alpine 
Fault, however of the three components the vertical undoubtedly produces the most detailed 
profile. This may suggest that the horizontal components are not registering the P-wave 
arrivals as effectively as the vertical.  
9. The 3C vertical stacked profile shows detail in the bedding of the lithology to the NW of the 
fault that is not depicted in the SC stacked profile, indicating that the near and far offsets play 
an important role in recording the geology in this location. 
10. With regards to the hammer and plate source surveys, from the 3C and SC stacked profiles 
produced, it appears that the combination of parallel oriented shots with the radial 
component of the geophones has the potential to provide significantly more detail than the 




Chapter 5: Chain Hills Tunnel (Part A) 
One of the questions posed in this thesis is whether or not vertically polarized shear waves can be 
easily detected on vertical component geophones, particularly if surface waves can be eliminated from 
the seismic record. Shear waves and surface waves propagate at similar velocities in the near 
subsurface which can lead to difficulties in separating the two types of wave in seismic records (eg: 
Dasios, 1999). While the previous chapters discussed the identification of shear waves as recorded by 
a short string of eight horizontal component geophones, this chapter will focus upon a survey using a 
longer array of 48 single component vertical geophones placed below ground in an attempt to slow 
down surface wave arrival times so that they arrive after the shear waves. This is based upon the idea 
that surface waves must follow the ground surface and cannot take a direct path to an underground 
location as a shear wave can (figure 5.1). Thus, it may be possible to delay a surface wave arrival by 
manipulating the geometry of the surface it must cover before reaching a receiver.  
 
Figure 5.1. A simple geometric illustration of the theoretical ray paths taken by shear 
waves and surface waves if a receiver is placed below ground while the source remains 
at the surface. 
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The field survey was conducted at the Chain Hills tunnel, Dunedin, using a hammer and plate active 
source to produce seismic waves above the tunnel, while receivers were placed at certain points within 
the tunnel itself. The aim of this survey was to determine whether or not shear wave arrivals from the 
active source could be recognized and isolated during data processing in Claritas by placing receivers 
at depth below the source (illustrated in figure 5.2). This chapter will discuss the survey location, 
including a brief explanation of the Chain Hills tunnel and surrounding geology, the field methods and 
equipment used in the experiment, the survey location, data processing methods, results and an 
analysis of the findings.  
5.1. Survey Location 
5.1.1. The Chain Hills Tunnel 
The Chain Hills tunnel is an abandoned railway tunnel located in Wingatui, just west of Dunedin city in 
the South Island of New Zealand (see figure 5.3). The tunnel was completed in 1875 (Auckland Star, 
1875) (figure 5.4) and is bricked throughout the entire 478m length (Wanganui Chronicle, 1875; Otago 
Witness, 1876) with up to six rings of brick at certain points (Tuapeka Times, 1875). The bricks 
themselves are 14 inches thick, hard burned kiln-bricks, set in Portland cement mortar and the spaces  
Figure 5.2. A schematic drawing of the field experiment indicating the location of geophones at depth within the Chain Hills 
tunnel and the expected propagation paths of seismic waves as produced by the hammer and plate source. (Not to scale.)  
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Figure 5.4. Construction of the Chain Hills tunnel in 1874, retrieved from https://nzhistory.govt.nz/media/photo/railway-workers-
chain-hills-tunnel.  
Wingatui 
Figure 5.3. A) The location of Wingatui (marked by a black dot), just west of Dunedin in the South Island of New Zealand. B) The 
location of the Chain Hills tunnel (denoted by a dashed red line) in Wingatui. Note that the location and orientation of the tunnel 
comes from a 3D point cloud model provided by the Surveying department at the University of Otago and differs slightly from the 






between the bricks and solid rock of the excavated tunnel were filled with dry loam to prevent shifting 
of materials (Otago Witness, 1874). The completed tunnel measures 12 feet (3.6 m) wide by 15 feet 
(4.5 m) from base to highest point in the arched ceiling. The floor of the tunnel slopes gently upwards 
from either end with the highest point at the centre. From the northern entrance to the centre the 
slope has a gradient of approximately 1/66, while the slope from the southern end towards the centre 
is approximately 1/364 (Timaru Herald, 1875). In 1914 the Chain Hills tunnel was abandoned after the 
opening of a double lane railway tunnel running parallel to the site approximately 360 m south (Otago 
Witness, 1914). No metal tracks remain inside the tunnel. 
5.1.2. Local Geology 
The regional geology of Dunedin consists of a Jurassic Schist basement rock overlain unconformably 
by a sequence of late Cretaceous breccia and quartz conglomerate covered by Tertiary marine and 
non-marine sedimentary rocks. Metamorphism of Permian to Triassic sandstones and mudstones gave 
rise to the Otago Schist basement rock, which typically has a pronounced foliation with joints of varying 
orientations and an anisotropic strength running parallel to the foliation (Glassey, et al., 2003). Figure 
5.5 indicates that the local immediate geology of the Chain Hills area should be restricted to Otago 
Schist basement rock with an upper layer of only unconsolidated soils and no sedimentary or igneous 
rocks as found elsewhere in Dunedin. From a brief field examination of the location, it was not possible 
to determine the depth of the unconsolidated dirt covering, however it was observed that the schist 
outcropped in multiple areas such as shown in figure 5.6.  
Excavation of the tunnel was performed primarily by hand and newspaper reports at the time indicate 
that the northwestern end of the tunnel cut through predominantly hard schist with a notable quartz 
vein system and occasional graphite (Cromwell Argus, 1874; Evening Star, 1914), while the 
southeastern end cut through rock that was described to be mud-like (Otago Witness, 1874). Despite 
the initial hardness of the rock at the northern end of the tunnel, it was also noted that once cut and 
exposed, the rock became as soft and crumbling as that at the southern end and frequent cave-ins  
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Figure 5.5. Geological map of the western Dunedin area indicating the local extent of sedimentary rocks and the 
location of the Chain Hills tunnel within the Otago Schist. 
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and water percolating down from above were reported. From the local geological map and field 
observations it is likely that the “soft rock” described by tunnel workers is not a sedimentary rock layer 
overlying the schist, but instead highly fractured and weathered Otago Schist. With reports that even 
the solid schist became soft once exposed it is extremely likely that all of the rock in the immediate 
vicinity of the Chain Hills tunnel is highly fractured. 
5.2. Survey Methods 
For this experiment two linked Geometrics Geode seismographs connected to a string of 48 
geophones, were placed within the Chain Hills tunnel while a hammer and plate active source was 
used to produce seismic waves above the tunnel. This section will discuss the receiving and recording 
equipment used along with the active source and layout of the survey conducted over the course of 
two days on the 15th and 16th of February, 2018 and the methods used to process the data. 
Figure 5.6. (A) Chain Hills tunnel northwestern entrance. Note the exposure of schist on the right-hand side. (B) A close-up of the 
schist outcrop.  
~4.5 m 
 ~15 cm 
 




5.2.1. Geometrics Geode and Geophones 
Using the same seismic receiving and recording equipment as the Whataroa Valley SC survey, this 
survey employed two linked 24-channel Geometrics Geodes connected to a string of 48 14 Hz single 
component vertical geophones via a roll switch and four recording cables each with 12 takeouts (figure 
5.7). Geodes were set to record for 2.0 seconds with a sample interval of 0.125 ms. 
Vertical geophones are designed to vibrate vertically which allows the geophone to be particularly 
susceptible to P-waves rising vertically at steep angles as reflections or refractions from subsurface 
boundaries, rather than direct P-waves from the source (Milsom & Eriksen, 2011). However, as the 
fundamental layout of this survey consists of geophones placed geometrically below the source, 
compared to typical seismic surveys where both source and geophones are at the same elevation, it 
can be expected that the geophones in this arrangement will be particularly sensitive to the direct 
wave arrivals. While vertical component geophones are primarily designed to detect P-waves, previous 
Field laptop  
Roll switch  
Linked Geometrics 
Geodes  
12 V battery  
12 V battery  
Recording cables Geophones on opposite wall 
Figure 5.7. The setup of equipment in utilising the Geometrics Geode seismographs and geophones within the Chain Hills 
tunnel. 
Inside the Chain Hills tunnel  
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research has shown that vertically polarized shear waves can also be detected (eg: Dankbaar, 1985; 
Greenhalgh & Bierbaum, 2000; Hasbrouck, 1991). 
5.2.2. Hammer and Plate Source 
For this survey a traditional ‘down plate’ style hammer and plate source was used, where seismic 
energy is produced by using a sledge hammer to physically strike a wood encased horizontal aluminium 
plate placed on the ground, as shown in figure 5.8.  
This style of active source was primarily chosen due to its cost efficiency and the difficulty of access for 
any larger automated source, such as a weight drop system. As the location is for the most part a 
rough, hilly terrain covered in gorse, a seismic source that could be carried by hand was most 






10 lb sledge hammer  
Figure 5.8. The hammer and plate seismic source method. As the hammer hits the aluminium plate it creates energy which is 
recorded by seismographs. A cable attached to the hammer allows non-continuously recording seismographs to be triggered and 
record the event. 
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amount of seismic energy, it was determined during initial testing of the 10 lb hammer that this smaller 
seismic source was still capable of producing enough energy to be recorded by the geophones.  
5.2.3. Survey Layout 
Shots 
Figure 5.9 indicates the locations of a series of shots executed above the tunnel (lines 1 through 4), 
along with a series of test shots at the same elevation as the tunnel and a string of 48 geophones that 
ran within the tunnel. Shots were repeated five times at shot peg locations on the same elevation as 
the tunnel and 10 times for shot peg locations above the tunnel. Shot lines above the tunnel were 
chosen specifically to run parallel to, perpendicular to and directly over the tunnel, as much as the 
terrain allowed. 
Receivers 
The receiver array consists of the string of 48 geophones, four recording cables, each with 12 takeouts, 
a roll switch and two Geometrics Geodes. 
Despite the solid ground, all geophones were able to be pushed into the dirt and gravel of the tunnel 
floor and placed as close to the northern tunnel wall as possible. Each geophone was spaced at 5 m 
intervals, for a total line length of 235 m, beginning 40 m from outside the northern tunnel entrance.  
Surveying 
A peg was placed at each geophone and shot location in order to record the position. Shot pegs were 
labelled to show which line the peg belonged to and to which point within that line. For example, shot 
peg #301 records the first shot location of line number 3. A Geoexplorer 6000 series GeoXH handheld 
Global Navigation Satellite System (GNSS) was used to record each location by differential correction 
with the Dunedin continuously operating GNSS station.  
The locations of the geophones within and directly outside of the tunnel were unable to be recorded 
by GPS and so their approximate locations and elevations were surveyed by combining tape 
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measurement distances along the northern tunnel wall with the 3D point cloud model of the tunnel as 
provided by the Surveying department at Otago University. Coordinates for the geophone locations 
were extrapolated with the known GPS positions of the beginning and middle sections of the tunnel 
and calculated at 5 m intervals using trigonometry. 
 
Figure 5.9. The locations of a series of shots executed above the tunnel, along with a series of test shots at the same elevation as 
the tunnel and a string of 48 geophones that ran within the tunnel.  
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5.2.4. Data Processing 
As with the Whataroa 2018 survey, data collected in the field were 
processed using the seismic processing software, Claritas. The 
processing flow essentially followed the same methods and 
modules as for the 3C Whataroa hammer/plate source survey, 
without the added complication of having to separate out the 
components. Figure 5.10 illustrates the processing flow 
undertaken where SEG-D files from the field data were first 
converted to .csgy using the readsegd module, then repeated shots 
were stacked with stackshots and geometry added to the shot 
gathers via the addgeom module.  
The file numbers of all shots stacked for each shot location are shown in table 5.1 and the subsequent 
renaming of each new stacked file is indicated by the SHOTID. Some stacked files contain less than the 
number of desired shots (5 or 10 depending on the line) due particularly noisy, or mistriggered shots, 
which were not included in the stack. In all shot records the trace from geophone #30 was muted with 
the tremove module as the geophone was found to be faulty and produced an erratic wavelet.  
For this survey shot gathers with geometry were the final product desired as the purpose of the data 
collection was to be able to examine shot gathers for different seismic wave arrivals (P-, S- and surface 
waves), and to measure the velocities of these arrivals with the Claritas ruler function. 
Figure 5.10. The processing flow used to 
convert the Chain Hills field data into 
shot gathers with geometry. 
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Peg location SHOTID File no:
1001 30 30 31 32 33
1002 35 35 36 37 38 39
1003 40 40 41 42 44
1004 46 46 47 48 49 50
1005 51 51 52 53 54 56
1006 57 57 58 59 60 61
1007 62 62 64 66
1008 67 67 68 69 70
1009 72 72 76
1010 77 77 78 81
1011 82 82 83 86
1012 89 89 90 91 92
101 93 93 94 96 97 98 99 100 101 102
102 103 103 104 105 106 107 108 109 110 111 112
103 113 113 114 115 116 117 118 119 120 121 122
104 124 124 125 127 128 129 130 131 132 133
201 135 135 137 138 140 141 143 144
202 145 145 146 148 149 150 152 153 154
203 156 156 157 158 159 160 161 162 163 164 165
204 166 166 167 168 169 170 171 172 173 174
205 177 177 178 179 180 181 182 183 184
206 187 187 188 189 193 194 197 198
207 199 199 200 202 203 204 205 206 207 208
301 209 209 210 211 212 213 214 215 216 217 218
302 219 219 220 221 222 223 224 225 226 227 228
303 229 229 230 231 232 233 234 235 236 238
304 239 239 240 241 242 243 244 246 247
401 250 250 251 252 253 254 255 256 257 258 259
402 260 260 261 262 263 264 265 267 268 269
403 271 271 272 275






























As detailed in the previous section, seismic records for each shot location were produced in Claritas by 
stacking the records of all multiple shots from the same shot peg location and renamed using the first 
shot number of each series (table 5.1). Figure 5.11 below indicates the location of each shot peg 
(numbered in white) with the corresponding seismic record number (denoted in orange) relative to 
the position of the tunnel and geophone array. LINZ elevation data overlain by a DCC aerial photograph 
(figure 5.12) gives an indication of the topography over the Chain Hills tunnel and a 3D representation 
Figure 5.11. Area map showing the shot peg points and approximate locations of geophones. Numbers denoted in white 
and orange indicate the shot peg number and shotID number respectively. Note that the test shot line is at the same 
elevation as the geophones within the tunnel and that geophones number 1 to 48 running from NW to SE. 
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of the shot/receiver layout. Cross sections running perpendicular and parallel to the tunnel (as located 
on figure 5.13) give an indication of the geometry of the shots in regards to the location of the tunnel 




Figure 5.12. A 3D representation of the survey layout produced in Leapfrog. 
 
Figure 5.13. The location of cross sections AB, CD and EF as shown in figure 5.14. 
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This section will present the shot gathers and velocity measurements produced from the data 
processing methods detailed in the previous chapter. 
 
Figure 5.14. Cross sections AB, CD and EF (as marked on figure 5.13) indicating the topography and shot geometry in relation 
to the receivers located below ground in the tunnel. 
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5.3.1. Shot Test Line 
Figures 5.15 and 5.16 are examples of shot gathers from the shot test line conducted at the same 
elevation and running along a line parallel to geophones 1 through 12, (with shots approximately 2 m 
to the south of the geophones). Clear diagonal alignments of wavelets can be seen within the shot 
gather traces, indicating at least three possible different seismic wave arrivals (denoted A, B and C). 
Velocities calculated for arrivals A and B are recorded in table 5.2. 
A. Arrival A is the first seismic wave arrival registered by the geophones and has the fastest 
velocity, around 2964 ms-1 on average. 
B. Arrival B is not as distinct as arrival A or C and measuring an exact velocity for this alignment 
is difficult, however it can still be distinguished in all of the seismic records for the shot test 
line. Velocities measured for this arrival are approximately 1210 ms-1 on average. 
C. Arrival C is the slowest velocity alignment and is evident throughout all shot records on the 
test shot line. It consistently sits around 340 ms-1 for all records.  
Table 5.2. Velocities collected for identified seismic arrivals A and B for both the test shot line (shot pegs 1001 – 1012) and shot 
lines 1 – 4 above the tunnel (shot peg 101 – 403). In some cases, arrival velocities were able to be measured by the slope of the best 
fit line in two different directions (for example, in figure 5.17). In this case arrival velocities calculated from the slope dipping 
towards the geographical NW (left-hand side of the image) are found in the left-hand columns, while slopes dipping SE (right-hand 
side of the image) are found in the right-hand column. 
Elevation: 
 Shotpeg# SHOTID  Shotpeg# SHOTID
1001 30 3061 1346 101 93 2605 3022 1236 1224
1002 35 3076 1110 102 103 2653 3013 1328 1006
1003 40 2891 1294 103 113 2189 3022 1235 1066
1004 46 3007 1290 104 124 2096 2716 1597 1201
1005 31 3095 1321 201 135 3142 1040
1006 57 2925 1285 202 145 2359 2997 1279 1067
1007 62 3016 1117 203 156 2278 2659 1353 1138
1008 67 2968 1168 204 166 2132 3147 1391 1221
1009 72 2707 1317 205 177 2827 2826 1275 1668
1010 77 2991 1093 206 187 3231 3357 1259 1414
1011 82 2996 1112 207 199 3003 1457 1074





302 219 2850 1172
303 229 2823 1442
304 239 2689 1419
401 250 2956 1153
402 260 2816
403 271 2913
Average: 2564 ms-1 2990 ms-1 1334 ms-1 1192 ms-1
                                  Above tunnelSame as Tunnel
Velocity (ms-1)
Arrival A Arrival B
Velocity (ms-1)
Arrival A Arrival B
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5.3.2. Shot Lines 1 to 4 
Shot lines 1 (represented by shot records shown in figures 5.17 and 5.18), 2 (figures 5.19 and 5.20), 3 
(figures 5.21 and 5.22), and 4 (figure 5.23) consistently show two distinct diagonal alignments of 
wavelet either on the left-hand or right-hand side of the shot gather (or both) depending on the shot 
location. For example, in figure 5.17 where best fit lines slope towards the left-hand side of the shot 
gather the propagation direction of the seismic waves to geophones 1-18 is towards the geographical 
NW whereas the propagation direction of seismic waves to geophones 18-48 is towards SE (ie: on the 
right-hand side of the shot gather). Table 5.2 above records the velocities measured for both of these 
alignments (denoted A and B). 
1. Arrival A is a distinct first arrival seismic wave with an average velocity of 2564 ms-1 for wave 
ray propagation to the NW and 2990 ms-1 towards the SE. 
2. Arrival B is a slower velocity arrival with velocities ranging from 1006 ms-1 to 1668 ms-1. The 
wavelets that align in this arrival can clearly be seen to have much larger peaks and troughs 
than those found in the first arrival. In some shot gathers this arrival is more difficult to 
determine than others which makes accurately measuring the arrival velocity difficult. 
An interesting aspect of seismic arrival B is that in some of the shot gathers, particularly shot records 
93 through 166 (ie: those closest to the open entrance of the tunnel), such as highlighted in figure 5.24, 
there appears to be multiple later alignments parallel to arrival B. While not identical, they do tend to 





Figure 5.15. ShotID 40: the seismic record produced for shot peg location #1003 in the shot test line. Lower image 
has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with corner 























Figure 5.16. ShotID 62: the seismic record produced for shot peg location #1007 in the shot test line. Lower image 
has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with corner 






















Figure 5.17. ShotID 93: the seismic record produced for shot peg location #101 in the shot peg line 1. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 





















Figure 5.18. ShotID 103: the seismic record produced for shot peg location #102 in the shot peg line 1. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 





















Figure 5.19. ShotID 145: the seismic record produced for shot peg location #202 in the shot peg line 2. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 






















Figure 5.20. ShotID 177: the seismic record produced for shot peg location #205 in the shot peg line 2. Lower image 
has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with corner 
























Figure 5.21. ShotID 209: the seismic record produced for shot peg location #301 in the shot peg line 3. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 





















Figure 5.22. ShotID 219: the seismic record produced for shot peg location #302 in the shot peg line 3. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 























Figure 5.23. ShotID 250: the seismic record produced for shot peg location #401 in the shot peg line 4. Lower 
image has been labelled to indicate possible direct wave arrivals. The record has been band pass filtered with 



























5.4.1. Identification of Arrivals 
From the stacked shot gathers produced in Claritas it can be seen that there is a distinct first arrival, 
recognised in the first and fastest of the wavelet alignments (denoted arrival A), which can be 
reasonably identified as the direct P-wave arrival. In the shot test line there is also a second distinct 
wavelet alignment (arrival C) of velocities around 340 ms-1 which is a typical velocity for the speed of 
sound in air. The air wave arrival is not visible in any of the seismic records from shot lines 1 to 4, with 
the exception of seismic record number 135, due to the geometry of the shots above the tunnel. The 
shots produced at the location of record 135, while on a higher elevation, were several meters in front 
of the tunnel entrance allowing the air wave to be clearly recorded. 
Slightly more problematic to identify is arrival B, an arrival significantly slower than arrival A and not 
as consistently easy to identify throughout the data, particularly so in the shot test line. The aim of this 
survey was to produce a seismic record with a distinct shear wave arrival by arranging the shot-receiver 
geometry so that the geophones would be able to record a clear S-wave arrival without the added 
complication of surface waves arriving at the same time. The velocities of arrival B do not correspond 
well with the approximately 3000 ms-1 average shear wave velocities that Godfrey et al., (2000) have 
documented for the South Island Haast schist. However, due to the fractured nature of the schist at 
 Shotpeg# SHOTID Arrival B
101 93 1286 1102 919
102 103 1006 1057 1170
103 113 1066 1212 1056 982
104 124 1201 1178 1044
201 135 1040 1160 985
202 145 1067 1025 1050
203 156 1138 1081 967 1003






Table 5.3. The measured velocities of arrival B compared to multiple parallel 
arrivals occurring after the arrival of B.  
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the Chain Hills tunnel location and the unknown volume of unconsolidated soil layer above the schist 
it can be reasonably expected that the s-wave velocity here will be much slower. When compared with 
shear wave velocities of sedimentary rocks as discussed in Chapter 1, it can be found that velocities of 
arrival B fall well within this range. Another point to note is that the second arrival consists of wavelets 
with higher amplitude troughs and crests than the first arrival. Shear waves are typically lower in 
frequency than P-waves and present with higher amplitude wavelets in seismic traces (Nanda, 2016).  
The fact that arrival B is harder to distinguish in the shot test line records compared to lines 1 – 4 can 
also be seen as positive confirmation that this may be the shear wave arrival, as any shear waves 
present in the test line should be partially obscured by surface wave arrivals. Especially as it is also 
much less distinct and does not have the same wavelet amplitude characteristics in the test line as the 
arrival does in shot lines 1 to 4. 
Thus, it is not improbable that arrival B in shot lines 1 through 4 is in fact a direct S-wave arrival, 
however other possibilities must be also ruled out, such as: 
1. A reflection. As the immediate geology of the Chain Hills tunnel location consists only of schist 
basement rock with an upper soil layer it is unlikely that there are any geologic reflections in 
the data. The schist is known to be significantly weathered close to the surface, so it is possible 
that there is a distinct boundary between the weathered and unweathered schist in the 
subsurface which may cause a reflection. However, the velocity of a reflected arrival will 
generally be higher than the velocity of a direct arrival. As velocity B is much lower than the 
direct arrival velocity, this again makes it unlikely to be a reflection. 
2. A surface wave arrival. The survey was designed to delay the arrival of the surface wave, not 
eliminate it from the record entirely. As such, it may be that the survey geometry does not 
provide enough delay time to separate the surface wave from the shear wave or that the shear 
wave arrival remains undetected by the geophones and arrival B is in fact the surface wave. 
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This could be a reasonable assumption for shot locations where the travel distance of the shear 
wave direct from source to geophone is similar to the travel distance that the surface wave 
would take along the free surface from source to geophone, such as shot locations #101 – 104 
and #201 – 204 which are closest to the tunnel entrance. However, for shot locations such as 
in lines #3 and 4, which are both horizontally and vertically further away from the tunnel 
entrance than shot locations #101 – 104 and #201 – 204, the travel path taken by the surface 
wave along the free surface from source to receiver would be significantly longer than the 
direct path taken by the shear wave. In this case, the surface wave could be reasonably 
expected to be eliminated from the seismic record, or at least the first geophone to record to 
record the surface wave arrival would not be the same geophone to record the first instance 
of P-wave arrival. While arrival B is much less distinct in the shot gathers produced from source 
locations in lines #3 and 4, it still tends to echo the arrival pattern of the P-wave (for example 
in SHOTID 219, figure 5.22), which would suggest arrival B is a body wave which can take a 
direct path from source to receiver rather than a surface wave restricted to the free surface. 
5.4.2. Repeat Occurrences of Arrival B 
A further complication to the identification of arrival B is the apparent repetition of wavelet alignments 
parallel to arrival B (as outlined in figure 5.24 and table 5.3). This repeated arrival is evident in the 
above tunnel shots which are closest to the tunnel entrance and have very similar characteristics and 
velocities to the possible S-wave arrival (arrival B). It has proven particularly challenging in determining 
why there would be a repeat seismic wave arrival of any kind, shear, surface or otherwise, in the shot 
records. As far as can be determined there are no nearby planes other than the tunnel surface from 
which a seismic arrival could reflect from.  
In marine seismic surveys multiples can occur in the seismic record due to the repeated reflection of 
rays between the sea bed and sea surface (Kearey et al., 2002). It is possible that the seismic waves in 
this experiment are repeatedly reflecting between the tunnel and ground surface in a similar manner. 
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While the two-way distance travelled by a wave repeatedly reflecting between the tunnel and ground 
surface would depend upon Snell’s Law, where (as discussed in Chapter 1, section 1.1.4):  







In this case, the angle of incidence (i), the angle of refraction (r), and the seismic velocity of the material 
causing the reflection (V2), presumably the tunnel wall, are all unknown. Velocity V1 can be estimated 
by the velocity of the multiple arrivals collected in table 5.3, however V2 cannot be accurately 
estimated and the angle of incidence could be any of a wide range of angles scattered by the tunnel 
wall (complicated even further by the curved nature of the tunnel), and therefore the two-way 
distance travelled by the wave any number of possibilities. Thus, it may be best to estimate the two-
way distance, and hence travel time of the repeated wave arrival, as a simplistic ideal as twice the 
shortest path from source to closest receiver (placed against the north side tunnel wall).  
For example, in the case of shot 202 (processed shot gather: SHOTID 145) the shortest distance (by 
direct path) between source (shot 202) and tunnel wall (receiver 10) is 50 m. If the repeated arrival at 
shot location 202 is travelling at around 1000 ms-1 (from table 5.3), the two-way travel time for a wave 







50 𝑚 × 2
1000 𝑚𝑠−1
 
               = 0.1 𝑠 (𝑜𝑟 100 𝑚𝑠) 
From figure 5.25 it can be seen the time between major repeated arrivals is approximately 100 ms, 
which fits with the two-way reflected distance of 50 m as calculated. Furthermore, for shot line 1 the 
time between major repeat arrivals seems to be much shorter, as emphasised in figure 5.26 with arrival  
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Figure 5.26. The time between major repeated arrivals for shot location 101. 
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time differences in shot 101 around 40 ms. As the top of the tunnel is approximately 20 m from this 
shot location and:  
 𝑡 =
20 𝑚 × 2
1000 𝑚𝑠−1
 
               = 0.4 𝑠 (𝑜𝑟 40 𝑚𝑠) 
This again fits with the simplistic two-way travel model, suggesting that the repeated arrivals may 
reasonably be attributed to repeated reflection between the tunnel wall and ground surface. However, 
there remain some questions with this theory: 
1. Why are the waves are repeating at only a specific set of locations near the tunnel entrance? 
Perhaps the distance between the tunnel and ground surface for shots of line 3 and 4 
(approximately 100 m) is too far for a strong signal in the shot gather? 
2. Why do the repeated arrivals only seem to occur for arrival B and not arrival A? 
It would be well worth further investigation into the cause of the repeated arrivals as it may assist 
determining the nature of seismic arrival B. 
Another interesting point to note about the repeated arrivals is that they tend to occur in sets of two 
or three, for example as seen in the shot gather of shot 202 (figure 5.27). The time difference between 
each arrival in the set is very small, only around 20 ms. In shallow land seismic surveys this kind of 
repeat arrival with a very short time between the repeats can be a common occurrence, caused by the 
repeated reflection of seismic waves within a thin weathered layer at the uppermost surface (Steeples 
et al., 1990), illustrated in figure 5.28. Multiple arrivals such as this are commonly removed in seismic 
processing during the stacking of CDP (common depth point) gathers (Yilmaz, 2001). When stacking 
CDP gathers a velocity profile is created which generally consists of layers increasing in velocity with 
depth. At this stage of the data processing, anomalous velocities within a layer which are much slower 
than expected, such as seismic arrivals appearing later in the record due to the delay caused by 
repeatedly reflecting within the weathered layer, can be identified and removed through filtering. As 
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processing of the data recorded at the Chain Hills tunnel did not need to progress up to the point of 
creating and stacking CDP gathers, this type of filtering was not applied to the data set. 
Figure 5.27. An example of the sets of arrivals that characterise repeat instances of arrival B. (Shot location 
202.)  
Figure 5.28. An example of how seismic rays can be repeatedly reflected at the upper and lower 
boundaries of a distinct weathering layer. Adapted from Meissner and Meixner (1969). 
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5.4.3. Similarities to Previous Research 
Unfortunately, very few experiments of this nature have been previously conducted so it is particularly 
difficult to draw comparisons with other data in the available literature, however shot gathers 
produced from within mine shafts have previously shown results with a distinct S-wave arrival. For 
example, Greenhalgh & Bierbaum show clear evidence of both P- and S-wave arrivals in their shot 
record produced from within a mine shaft at the Revenge Gold Mine in the Kambalda area of Western 
Australia (figure 5.29). 47 single-component vertical geophones were placed inside an 
aquacrete/water mixture in small holes along the tunnel floor at 10 m spaces, where the tunnel lies on 
an incline of approximately 6 degrees.  
Figure 5.29. A sample seismic record section from Greenhalgh & Bierbaum (2000) showing 
clear evidence of direct p- and s-wave arrivals. Traces shown are 10 m apart. 
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While this survey differed from the Chain Hills tunnel survey in the depth of the mine shaft several 
hundreds of meters below ground and the use of single electric detonators as an active source, the 
primary difference between the two surveys is that the detonator active source was implemented at 
the same elevation as the geophones, within the tunnel itself. Despite these differences, the seismic 
records produced by Greenhalgh and Bierbaum show an initial P-wave arrival followed by a lower 
velocity, but higher amplitude wavelet, direct arrival (which they have identified as the shear wave 
arrival) which looks similar to that found in the Chain Hills shot gathers. Thus, although the two surveys 
differ in many ways, the fact that both have produced comparable seismic records with similar 
geophones could be taken as positive affirmation of the presence of a direct S-wave arrival in the Chain 
Hills seismic record. 
5.4.4. Possible Anisotropy 
On a side note, an interesting observation that can be made about first arrival A, the direct P-wave 
arrival, is that it appears to be anisotropic, as the arrivals travelling on a ray path towards the 
geographical NW (left-hand side of the shot gathers) appear to be slower than those travelling to the 
SE (right-hand side of the shot gathers). With minimal intact and in situ schist outcrops at the Chain 
Hills tunnel measurements of the foliation will have a certain degree of error, but from field 
investigations it was determined that the foliation has an average orientation dipping around 30-40° 
to the east. This means that the rays travelling towards the SE on the shot gathers will generally be 
travelling in a geometry somewhat parallel to the foliation while those directed NW will be travelling 
in a perpendicular direction (figure 5.30.) This corresponds with the results found by Godfrey et al. 
(2000) where the velocity of seismic waves were considerably slowed when travelling perpendicular 
to the foliation of the Haast schist. 
5.5. Conclusions 
Unfortunately, minimal definitive conclusions can be made from the experiments conducted at the 
Chain Hills tunnel, with regards to identifying a shear wave arrival in the shot gather records. There is 
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definitely a distinct seismic arrival (arrival B), that is slower than the P-wave arrival, visible in the 
seismic records where shots were conducted above the tunnel. However, it has proven difficult to 
determine without further investigation whether or not this arrival is actually the shear wave arrival. 
Thus, the next chapter will follow a seismic experiment later conducted at Chain Hills in an attempt to 
procure a shear wave velocity by using a shear wave hammer and plate source and 3C geophones. It 
was hoped that the horizontal components of these geophones will be able to provide a shear wave 
velocity which can be compared to the velocities gathered for arrival B, the possible shear wave arrival, 
as identified in this chapter. 
 
  
Figure 5.30. A basic cartoon illustrating the potential anisotropy of the schist at the Chain Hills location due to seismic 
waves travelling parallel and perpendicular to the schist foliation. 
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Chapter 6: Chain Hills Tunnel (Part B) 
As the results of the Chain Hills tunnel experiment discussed in Chapter 5 proved inconclusive, a second 
experiment was designed in an attempt to measure shear wave velocities with 3C geophones at the 
Chain Hills location and compare these to the possible shear wave velocities identified from the 
previous vertical geophone experiment. From the field survey undertaken at Whataroa (and results 
discussed in Chapter 4) it was found that the horizontal components of the 3C geophones may be 
registering shear waves as first arrivals rather than P-waves. Thus, by recording first arrival velocities 
on the horizontal component geophones at Chain Hills, the potential S-wave velocities of the 3C 
geophones can be compared to the possible S-wave velocities as recorded by the single component 
(SC) geophones. 
6.1. Field Methods 
For this experiment two short surveys were conducted, with line B1 above and running parallel to the 
Chain Hills tunnel and line B2 running NW from the tunnel entrance and at the same elevation as the 
tunnel (figure 6.1). In this case all shots were made in line with the geophone array (ie: at the same 
elevation) and no geophones or shots were placed inside the tunnel.  
As the aim of this experiment was to measure the velocity of the same shear waves as potentially 
detected during the SC survey in Part A, it was decided to place the first line of the survey over the 
same location as one of the shot lines from Part A. This way, any shear waves detected would have 
travelled through the same rock in both experiments. However, after processing of the results 
gathered for line #1 it was found that similar velocities were detected across all three 3C geophone 
components and a shear wave velocity could not be determined. As the Whataroa results clearly 
distinguished two separate first arrival velocities between the vertical and horizontal components, the 
differences between the two lines were considered to determine the cause, for example: 
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1. The Chain Hills line was conducted on a hill with slope of approximately 16 – 18° while the 
Whataroa survey was almost entirely horizontal. 
2. Geophones on the Chain Hills line were spaced at 5 m apart (to be spaced at the same interval 
as the Chain Hills Part A survey) whereas the Whataroa geophones were spaced at 10 m apart. 
3. The Chain Hills location is primarily hard schist with minimal soil ground cover at the line 
location, unlike the soft dirt covering at Whataroa. 
Figure 6.1. The locations of shots and receivers for line B1 and line B2 of the Chain Hills Part B survey. The light blue dots 
denote the location of a shot line from the previous survey which line B1 was designed to run parallel to. The dashed orange 
line indicates the approximate centre line of the Chain Hills tunnel.  
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Thus, a second 3C line at the Chain Hills location (line B2) was set up to more closely resemble the 
Whataroa survey, with the same geophone spacing and horizontal topography while taking more care 
to couple the geophones to the ground above the hard schist.   
6.1.1. Receivers 
Both lines utilised a string of eight 4.5 Hz 3-component geophones with the same receiving and 
recording set-up as operated at Whataroa (see Chapter 3). Geophones were aligned with North arrows 
parallel to the geophone array and pointing SE.  
The ground surface at line B1 consisted of a sparse covering of 2 – 3 cm dry soil above hard schist rocks. 
This made it difficult to fully insert the ground spikes of the 3C geophones and in some locations it was 
necessary to mix dirt with crumbling parts of the schist in order to raise the geophones slightly where 
the dirt layer was too shallow (figure 6.2). As line B2 primarily ran along a gravel road leading up to the 
tunnel, where the gravel road consisted of a 1 – 2 cm layer of schist fragments atop levelled hard schist 
rock the geophones were not able to be pushed into the ground at all. In this case small ‘sand castle’ 
structures were built out of the schist fragments to house the geophones, such as shown in figure 6.3.  
Figure 6.2. One of the 3C geophones from line B1 
pushed into the dry dirt and fragmented schist 
ground cover. 
 
Figure 6.3. An example of one of the ‘sand castles’ made 
to couple geophones to the ground in line 2B, using the 




In order to maximise shear wave production the hammer and plate shear source (as introduced in 
Chapter 3) was used. Due to time constraints, and the loss of ability to quickly and easily rotate the 
shear source plates, only one pair of hammer shot orientations were employed, with shots made in 
opposite directions (NW and SE) parallel to the geophone array (figure 6.4). The parallel shot 
orientation was chosen as shots on the shear source theoretically correspond to vertically polarized 
shear waves when oriented parallel to and horizontally polarized shear waves when oriented 
perpendicular to the 3C geophone array (Dasios et al., 1999). Any shear waves potentially recorded on 
the SC vertical geophones from the survey in Part A will be vertically polarized and thus for the sake of 
comparison it was decided to orient the shear source parallel to the array. 
Figure 6.4. An example of the shot orientation for lines B1 and B2 where 
shots were only made parallel to the geophone array, in opposing 
directions to the NW and SE. 
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6.1.3. Survey Layout 
For line B1, geophones were spaced 5 m apart to be comparable to the receiver spacing from the SC 
survey in Part A and placed parallel to shot line 2 from Part A. The terrain of the B1 line was uphill, with 
a slope dipping approximately 16 - 18° NW (figure 6.5), for a total line length of 35 m. Eight shots, at 5 
m intervals, were placed in approximately the centre between geophones. 
Geophone intervals for line B2 were 10 m for a total line length of 70 m, with a string of seven shots, 
spaced in the centre of each geophone interval. The location of line B2 was on horizontal terrain at the 
same elevation as the Chain Hills tunnel, whilst line B1 was located above and parallel to the tunnel. 
Shots were repeated 10 times at each shot location for line B1 and five times at each shot location for 
line B2. 
Surveying of geophone and shot locations proved difficult for line B2 due to the proximity of the tunnel 
and surrounding bush. The surveying equipment used was a Trimble R8s integrated Global Navigation 
Satellite System (GNSS) with locations recorded 
by differential correction with the Dunedin 
continuously operating GNSS station. For line B1 
all geophones and shot pegs were able to be 
surveyed, however only the first shot and 
geophone locations were collected on the B2 line. 
The remaining B2 geophone and shot locations 
were extrapolated using trigonometry. 
Geodes for line B1 were set to record for 2.048 
seconds with a sample interval of 0.25 ms, and 
1.024 seconds with sample interval of 0.125 ms 
for line B2. 
Figure 6.5. An indication of the slope of line B1 on hilly terrain. 
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6.2. Data Processing 
Field data collected for both lines were processed in Claritas using the flow chart as illustrated in figure 
6.6 with the aim of producing shot gathers with geometry in order to calculate the velocity of first 
arrivals.  
SEG-Y field data files were first converted to .csgy using the Claritas seg2segy file converter where shot 
records were able to be visually analysed for bad or noisy data. All acceptable repeat shots were then 
stacked using the stackshots module and files renamed using the notation as displayed in table 6.1. 
Geometry was added using the same method as discussed in Chapter 3 with a survey file and observer 
log combined using the geometry function. Headers were applied to SPARE1 labelling the vertical, 
transverse and radial component as 12, 13 and 14 (respectively) using the setheader module. Finally, 
the Job Control System (JCS) combined with the tremove module was used to produce three 





Figure 6.6. The processing flow used to convert 








Peg location Direction SHOTID File no:
1001 SE 3 3 4 5 6 8 9 10 11 12 13
1001 NW 14 14 15 16 17 18 19 20 21 22 23
1002 SE 24 24 25 26 27 28 29 30 31 32 33
1002 NW 35 35 36 37 38 39 40 41 42 43
1003 SE 44 44 45 46 47 48 49 50 51 52 53
1003 NW 55 55 56 57 58 59 60 61 62 63
1004 SE 64 64 65 66 67 68 69 70 71 72 73
1004 NW 74 74 75 76 77 78 79 80 81 82 83
1005 SE 84 84 85 86 87 88 89 90 91 92 93
1005 NW 94 94 95 96 97 98 99 100 101 102 103
1006 SE 105 105 106 107 108 109 110 111 112 113 114
1006 NW 115 115 116 117 118 119 120 121 122 123 124
1007 SE 125 125 126 127 128 129 130 131 132 133 134
1007 NW 135 135 136 137 138 139 140 141 142 143 144
1008 SE 145 145 146 147 148 149 150 151 152 153 154
1008 NW 155 155 156 157 158 159 160 161 162 163 164
2001 NW 1 1 2 3 4 5
2001 SE 6 6 7 8 9 10
2002 NW 11 11 12 13 14 15
2002 SE 16 16 17 18 19 20
2003 NW 21 21 22 23 24 25
2003 SE 26 26 27 28 29 30
2004 NW 31 31 32 33 34 35
2004 SE 37 37 38 39 40 41
2005 NW 53 53 54 55 56 57
2005 SE 58 58 59 60 61 62
2006 NW 63 63 64 65 66 67
2006 SE 68 68 69 70 71 72
2007 NW 73 73 74 75 76 77
2007 SE 78 78 79 89 81 88















As each set of stacked shots was renamed during processing, figure 6.7 indicates the location of each 
new stacked shot file number along with the geophone locations of lines B1 and B2. This section will 
present some of the shot gathers with geometry as processed in Claritas along with the measured first 
arrival velocities for each stacked shot gather as calculated with the Claritas ruler function. 
Figure 6.7. The locations of shots and receivers for line B1 and line B2 of the Chain Hills Part B survey. Numbers denoted in 
white indicate the shot peg number while orange numbers denote the file number of stacked shots oriented to the NW 
(labelled N) and SE (labelled S). Pink numbers indicate the geophone number. 
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6.3.1. Line B1 
Figure 6.8 shows an example of the shot gathers with best fit line used to calculate the velocity of first 
arrivals. The collective first arrival velocities calculated are presented in table 6.2 showing similar 
velocities recorded across all three components, around 800 ms-1. 
While the first arrival velocities measured for all three components are similar, it should also be noted 
that the visual characteristics of the first arrival wavelets are not. Arrivals on the radial component are 
particularly coherent, with uniform amplitudes and alignment, whereas first arrivals on the vertical 
and transverse components do not have a uniform wavelet shape from trace to trace.  
 
 
Figure 6.8. An example of the stacked shot records and best fit line used to measure first arrival velocities on the three 
components of the 3C geophones for shotpeg #1001, line B1, with shot orientation to the SE. 
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6.3.2. Line B2 
Figure 6.9 shows an example of the shot gathers with best fit line used to calculate the velocity of first 
arrivals and the collective first arrival velocities calculated are presented in table 6.3. From the table it 
can be seen that both radial and transverse horizontal components have recorded similar first arrival 
velocities at an average of 1736 ms-1 and 1585 ms -1. It also should be noted that due to the weak first 
arrival signal on the transverse component, the accuracy of velocity measurements on this component 
compared to the radial and vertical will be lower. First arrival velocities detected on the vertical 
component tend to be around twice that of the horizontal components, at an average of 3104 ms-1. 
 
  
 Shotpeg# Orientation SHOTID
1001 SE 3 904 944 1058
1001 NW 14 849 895 738
1002 SE 24 884 928 946
1002 NW 35 879 904 913
1003 SE 44 808 701 978
1003 NW 55 749 748 804
1004 SE 64 716 837 786 843 940 818
1004 NW 74 861 661 641 905 747 774
1005 SE 84 844 858 977 978 829 700
1005 NW 94 808 934 771 813 713
1006 SE 105 803 956 826
1006 NW 115 953 809 752
1007 SE 125 802 873 838
1007 NW 135 802 946 772
1008 SE 145 776 718 758










Table 6.2. First arrival velocities measured for the radial, transverse and vertical components of the 3C geophones on line 
B1. Velocities in the left-hand columns denote velocities calculated sloping to the left of the shot gather (ie: to the 
geographical SE) and velocities on the right-hand side indicate velocities sloping to the right (NW). Entries have been left 






 Shotpeg# Orientation SHOTID
2001 NW 1 1556 1634
2001 SE 6 1796 3074
2002 NW 11 1730 1539 3078
2002 SE 16 1770 1661 3299
2003 NW 21 1808 1259 3260
2003 SE 26 1582 1740 3250
2004 NW 31 1806 1284 2733 2997
2004 SE 37 1782
2005 NW 53 1799 3243
2005 SE 58 1665 1708 3285
2006 NW 63 1762 1748 2980
2006 SE 68 1683 2911
2007 NW 73 1800 1650 3308




1736 (ms-1) 1585 (ms-1) 3104 (ms-1)
Table 6.3. First arrival velocities measured for the radial, transverse and vertical components of the 3C geophones on line 
B2. Velocities in the left-hand columns denote velocities calculated sloping to the left of the shot gather (ie: to the 
geographical NW) and velocities on the right-hand side indicate velocities sloping to the right (SE). Entries have been left 
blank where velocities were unable to be calculated. 
Figure 6.9. An example of the stacked shot records and best fit line used to measure first arrival velocities on the three 
components of the 3C geophones for shotpeg #2002, line B2, with shot orientation to the SE. 
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6.4. Discussion 
6.4.1. Line B1 
All three components on all shot gathers of line B1 recorded remarkably similar velocities, unlike the 
Whataroa survey where the horizontal components recorded lower velocities than the vertical, 
however it is yet to be determined why.  
1. Perhaps the angle of the terrain has reduced the effectiveness of the vertical plate as a shear 
source. Although, down plate shots on the Whataroa survey still resulted in slower recorded 
first arrival velocities on the horizontal components, which suggests that shear waves are still 
being produced by the hammer and plate source independent of the plate orientation. 
2. The geophone spacing may have been too close together. That the first arrival wavelets on the 
radial component are the most coherent, rather than on the vertical component, is a 
particularly interesting observation. As it would be expected for P-waves to have a less 
coherent signal on the horizontal components than the vertical it seems strange that the 
opposite would be true. However, as evidenced by the explosive source survey at Whataroa, 
P-waves can still be strongly registered on the horizontal components, and as the shear wave 
source will produce minimal P-waves in the downwards direction it will still produce significant 
P-waves in the shot orientation direction (ie: the radial direction). Perhaps in this case, 
particularly as the first arrivals are much lower than the approximately 3000 ms-1 P-wave 
velocities recorded in the Chain Hills Part A survey, the geophones are registering a direct P-
wave arrival that has travelled only through the seismically slower upper weathered layer of 
the schist due to the short geophone intervals. 
3. It is also possible that the geophones were not well coupled to the ground due to the terrain 
and difficulty of placement with the combination of hard schist rock, dry dirt and schist 
fragments. In this case, perhaps the geophones are only registering the surface wave arrival 
due to the higher amplitude of this type of seismic wave, which could also account for the 
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lower first arrival velocities and preferential coherency on the radial traces rather than the 
vertical. 
In any case, it is most likely that none of the components from this line are showing a clear shear wave 
arrival. 
6.4.2. Line B2 
Line B2 has successfully recorded first arrival velocities on the horizontal components that are 
approximately half of the velocity recorded by the vertical components. Since these are velocities and 
wavelet characteristics that can reasonably be expected of shear waves it is likely that these results 
are representative of the S-wave velocity in the Chain Hills schist. However, these velocities (around 
1700 ms-1) unfortunately do not correspond to the velocities measured for the possible shear wave 
arrival (arrival B) in Part A (loosely around 1200 ms-1).  
Since line B2 was conducted on the same elevation as the tunnel entrance where the schist is likely 
less weathered than that above the tunnel, it cannot be completely ruled out that seismic arrival B 
from Part A is not a shear wave arrival. Whether or not the upper part of the schist (of approximately 
20m to 100 m thickness above the elevation of the tunnel) is significantly weathered enough to have 
such a lower shear wave velocity is beyond the scope of this thesis. However, it certainly seems 
plausible especially if the slow velocity measurements from line B1 are indicative of the P-wave velocity 
in the uppermost weathering layer.  
As the test line from Part A was conducted along the same location as line B2 shot gathers produced 
from the test line were reexamined for any seismic wavelet alignments of velocities similar to those 
recorded in line B2. First arrival velocities recorded from each of the components on line B2 are 
presented in table 6.4 along with the recorded first arrival velocities (arrival A) and arrival B velocities 
measured on the shot test line from Part A for comparison. Certainly, the first arrival velocities on the 
vertical geophones are in agreement, however arrivals with velocities in the 1700 ms-1 proximity (as 
recorded by the horizontal components) were not able to be distinguished in the SC shot gathers. This 
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would suggest that arrival B on the test shot line is likely to be the surface wave arrival rather than S-
wave arrival as the only distinguishable arrival velocities after the first arrival are around 1200 ms-1 (ie: 
arrival B on the test line). Since arrival B on the shot test line is of similar velocity (albeit, dissimilar 
wavelet characteristics) to the arrival B on lines 1 – 4 from Part A it could be suggested that these 
arrivals are not shear wave arrivals as hoped, but are in fact the surface wave arrival. However, as 
surface waves travel at approximately 0.9 times the speed of shear waves, the margin of human error 
in drawing a best fit line across seismic arrivals is likely to be higher than the difference in velocity 
between shear waves and surface waves. From the velocities recorded, the difference between 
potential shear wave and surface wave velocities in the Chain Hills schist would be on the order of 100 
– 200 ms-1 which is less than the range of arrival B velocities measured. 
Table 6.4. First arrival velocities measured for the radial, transverse and vertical components of the 3C geophones on line B2 
compared to those recorded on the vertical component geophones on the shot test line. Both lines have geophones and shots 
at similar locations. Arrival A in the shot test line shows velocities similar to the first arrival velocities measured on the vertical 
component on line B2, however velocities from arrival B are lower than first arrival velocities recorded on the horizontal 
components. Entries have been left blank where velocities were unable to be calculated. 
 Shotpeg# Orientation Radial Transverse Vertical  Shotpeg# Arrival A Arrival B
2001 NW 1556 1634 1001 3061 1346
2001 SE 1796 3074 1002 3076 1110
2002 NW 1730 1539 3078 1003 2891 1294
2002 SE 1770 1661 3299 1004 3007 1290
2003 NW 1808 1259 3260 1005 3095 1321
2003 SE 1582 1740 3250 1006 2925 1285
2004 NW 1806 1284 2997 1007 3016 1117
2004 SE 1782 1008 2968 1168
2005 NW 1799 3243 1009 2707 1317
2005 SE 1665 1708 3285 1010 2991 1093
2006 NW 1762 1748 2980 1011 2996 1112
2006 SE 1683 2911 1012 2830 1062




2007 SE 1758 1627 2930
Average: 1736 ms-1 1585 ms-1 3104 ms-1
Line B2 (3C geophones and shots at the same elevation as the 
tunnel, from Part B):
Test shot line (SC geophones and 
shots at the same elevation as the 




From the 3C surveys conducted at Chain Hills, a shear wave velocity of approximately 1700 ms-1 is 
predicted in the immediate schist underlying the tunnel entrance. Unfortunately, these velocities do 
not correspond to the approximately 1200 ms-1 velocities of arrival B from lines 1 – 4 of the single 
vertical component survey in Part A and hence cannot be used to determine whether arrival B in Part 
A is a shear wave arrival or not. Shear wave velocities could not be measured for the schist overlying 
the tunnel, however evidence suggests that the uppermost schist is highly weathered and may have a 
slower S-wave velocity than that measured at the lower elevation. Thus, this experiment can 




Chapter 7: Conclusions 
7.1. Project Results 
The aim of this thesis was to investigate the nature of seismic waves, in particular shear waves, by 
answering the following questions:  
1. What are the differences in information gathered from each component of the 3-component 
geophones, regarding trace characteristics, arrival velocities and seismic wave types recorded? 
2. How does changing the seismic source or source orientation affect this information? (For 
example, a hammer and plate seismic source compared to an explosive source, or different 
hammer and plate shot orientations made with a rotatable shear source.) 
3. Is it possible to detect shear waves with single vertical component geophones, particularly by 
placing receivers at depth in order to delay surface wave arrivals?  
4. How do those shear wave velocities detected on the vertical component geophones compare 
to the velocities detected by the horizontal components of 3-component geophones? 
The first two questions were reasonably successfully answered by the seismic surveys conducted at 
Whataroa Valley, where it was discovered that the polarity of seismic traces, particularly the S-waves, 
recorded on the horizontal components of the 3C geophones were highly dependent on the geometry 
of the shot direction in regards to the vibration direction of the geophone components. Furthermore, 
it was found that significantly different first arrival velocities were detected on the horizontal 
component geophones compared to the vertical for the hammer and plate source shots, but not for 
the explosive shots. This data suggests that while the horizontal component geophones may be 
recording S-waves as first arrivals for the hammer and plate source, they are still recording significant 
P-waves, and thus have higher first arrival velocities, for the explosive source. 
By producing stacked seismic sections, a further question was able to be answered at Whataroa:   
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5. What is the nature and structure of the Alpine Fault and surrounding geology at this location 
of the Alpine Fault surface trace in Whataroa Valley? 
From the stacked sections, a profile perpendicularly bisecting the Alpine Fault successfully imaged the 
structure of the fault trace and the sedimentary units offset by cumulative fault rupture. 
In regards to questions 3 and 4, where shear wave information was attempted to be recorded on 
vertical component geophones (rather than the horizontal components as used at Whataroa) by 
delaying the surface wave arrival, the experiment results were less conclusive. A possible shear wave 
arrival was able to be detected, however attempts to confirm this arrival by comparing with shear 
wave arrivals recorded on horizontal components of 3C geophones were unconvincing. Thus, while 
this thesis has proved fruitful in characterising the nature of shear waves as recorded on horizontal 
component geophones, it has met with some level of difficulty in working with shear waves on the 
vertical components. 
7.2. Future Work 
Due to the broad nature and varied information gathered for this thesis, there are numerous branches 
that further research could take, however there are two directions of investigation that would be 
recommended: 
1. Adding additional 3C geophones to the survey at Whataroa Valley – By conducting further 
surveys over the same Alpine Fault surface trace location, with longer arrays of 3C geophones, 
more detailed information of the fault geometry and bedding layers may be able to be 
acquired, particularly in the near subsurface. As the horizontal component geophones 
appeared to clearly detect S-waves with the hammer and plate source, a second hammer and 
plate survey with a significantly longer horizontal component array has the potential to record 
greater detail of the shallow subsurface. This would be of particular interest in trying to 
reconcile the geometry of the fault surface trace as detailed by trenching (Langridge et al., 
2018) to the deeper geometry of the fault as imaged in this thesis. 
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2. An experiment into the nature of surface waves at the Chain Hills tunnel location – As the aim 
of the survey conducted at Chain Hills (Part A) was to delay surface wave arrivals so that they 
did not interfere with S-wave arrivals in shot records, it would be worth conducting more 
detailed investigation into not only the shear waves at this location, but also the surface waves. 
The main idea of the experiment conducted in Chapter 5 rested on the concept that surface 
waves can only follow the free surface, and so by increasing the distance a surface wave must 
travel, compared to the direct path taken by a body wave, surface waves may be able to be 
eliminated from the shot record. However, the exact travel distance covered by the surface 
wave will depend upon the depth below the surface that the surface wave can reach. The 
penetration depth of a surface wave is dependent upon the frequency of the surface waves 
produced, as the general depth below a free surface that a surface wave can reach is 
approximately equal to the distance of one wavelength of that surface wave (eg: Park et al., 
1999). So, for example, if the direct distance between a shot above the tunnel and the receiver 
within the tunnel is 20 m, and the wavelength of the surface wave is 20 m, it may be that the 
surface wave will be able to be detected by the geophone by a direct path and not necessarily 
a delayed travel path at the surface. Thus, it would be worth conducting a set of experiments 
into the frequencies (and hence, wavelengths) of the surface waves produced by the hammer 
and plate source at the Chain Hills tunnel. Data from these experiments may be able to more 
accurately predict delay times of the surface waves and could help in confirming whether or 
not the seismic arrival B, identified in the Chain Hills shot records, is likely to be the shear wave 
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